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PREFACE 


This  report  addresses  a  problem  encountered  with  the  use  of  electron 
accelerators  in  radiation  therapy.  The  potential  exists  for  the  produc- 
tion of  neutrons,  in  several  different  ways,  when  equipment  used  to 
generate  electrons  operates  at  energies  above  10  MeV.  The  sources  of 
these  neutrons  and  their  relative  contributions  are  described.  A  further 
section  is  devoted  to  the  potential  hazard  from  the  neutrons  which  are 
produced  and  which  represent  a  contribution  to  the  total  radiation 
dose  to  the  patient.  This  contribution  is  not  normally  included  in  the 
calculation  of  dose  delivered  to  the  treatment  volume,  as  performed 
by  the  therapist  and  the  medical  physicist.  The  question  of  whether 
or  not  this  additional  dose  constitutes  an  unacceptable  risk  to  the 
patient  is  discussed. 

The  report  addresses  the  hazard  to  operating  personnel  from  neu- 
trons produced  outside  the  patient's  treatment  volume.  Neutron  meas- 
urement methods  are  also  addressed.  The  report  concludes  with  a 
survey  of  the  published  literature  relevant  to  the  subject. 

The  Council  has  noted  the  adoption  by  the  15th  General  Conference 
of  Weights  and  Measures  of  special  names  for  some  units  of  the 
Systeme  International  d'Unites  (SI)  used  in  the  field  of  ionizing 
radiation.  The  gray  (symbol  Gy)  has  been  adopted  as  the  special  name 
for  the  SI  unit  of  absorbed  dose,  absorbed  dose  index,  kerma,  and  specific 
energy  imparted.  The  becquerel  (symbol  Bq)  has  been  adopted  as  the 
special  name  for  the  SI  unit  of  activity  (of  a  radionuclide).  One  gray 
equals  one  joule  per  kilogram;  and  one  becquerel  is  equal  to  one  second 
to  the  power  of  minus  one.  Since  the  transition  from  the  special  units 
currently  employed-rad  and  curie-to  the  new  special  names  is  expected 
to  take  some  time,  the  Council  has  determined  to  continue,  for  the 
time  being,  the  use  of  rad  and  curie.  To  convert  from  one  set  of  units 
to  the  other,  the  following  relationships  pertain: 

1  rad  =  0.01  J  kg-1  =  0.01  Gy 

1  curie  =  3.7  x  1010  s"1  =  3.7  X  1010  Bq  (exactly). 
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1.  Introduction 


The  National  Council  on  Radiation  Protection  and  Measurements 
(NCRP)  has  made  recommendations  for  the  protection  of  persons  who 
may  be  exposed  to  radiation  occupationally  or  otherwise.  For  imple- 
mentation of  these  recommendations,  it  is  necessary  to  examine  the 
radiation  environment  of  these  individuals,  to  evaluate  the  factors 
determining  the  likelihood  of  their  exposure,  and  to  estimate  the  actual 
exposure.  This  report  addresses  these  matters  for  neutron  exposures 
resulting  from  the  operation  of  medical  electron  accelerators.  Con- 
tained in  this  report  is  a  review  of  the  source  of  neutrons  generated 
from  medical  electron  accelerators  (betatrons,  linear  accelerators,  and 
microtrons),  an  examination  of  the  transport  of  the  neutrons  in  the 
protective  housing  of  the  accelerator  as  well  as  in  the  structural 
shielding  barrier,  an  outline  of  the  hazards  to  operating  personnel  and 
patients,  methods  for  reducing  these  hazards,  and  a  description  of 
methods  of  measuring  neutrons  from  various  types  of  medical  accel- 
erators. The  report  contains  recommendations  on  practical  methods 
of  measuring  neutrons,  on  factors  for  converting  neutron  fluence  to 
dose  and  dose  equivalent,  and  on  reporting  methods. 

Neutron  production  in  accelerators  used  for  therapy  can  result  in 
doses  to  patients  and  to  operating  personnel  from  direct  exposure  both 
to  neutrons  and  to  the  resulting  residual  radioactivity.  The  various 
possible  processes  are  shown  schematically  in  Figure  1  (NCRP,  1964). 
Primary  attention  here  will  be  given  to  neutron  exposures,  and  thus 
those  processes  producing  neutrons  are  important. 

The  minimum  energy  required  to  remove  one  neutron  from  a  nucleus 
for  most  stable  nuclei  heavier  than  carbon  lies  between  6  and  16  MeV. 
A  nucleus  can  absorb  energy  from  a  high-energy  electron  or  a  high- 
energy  photon  and  emit  a  neutron  if  the  energy  of  the  electron  or 
photon  exceeds  this  minimum  energy. 

Neutrons  can  also  be  emitted  during  the  process  of  photon-  or 
electron-induced  fission.  The  elements  heavier  than  bismuth,  includ- 
ing depleted  uranium,  undergo  fission  when  bombarded  with  electrons 
or  photons  in  the  energy  range  used  in  radiotherapy.  While  there  is 
no  true  threshold  for  photofission,  this  process  is  usually  negligible, 
even  in  uranium,  below  about  5  MeV. 

Above  the  neutron  separation  energy,  (i.e.,  the  threshold  energy) 
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Fig.  1.    Some  interactions  of  radiation  with  matter  (NCRP,  1964). 

the  cross  section  for  neutron  production  increases  with  photon  energy, 
Ey,  reaches  a  maximum  value,  then  decreases  with  further  increases 
of  Ey.  The  shape  of  this  peak  is  characteristic  of  resonance  reactions 
and  is  called  the  giant  resonance.  In  all  theories  of  photonuclear 
reactions,  the  giant  resonance  is  attributed  to  electric  dipole  absorption 
of  the  incident  photon,  although  quadrupole  oscillations  can  modify 
the  cross  sections  somewhat.  Typically,  the  maximum  value  of  the 
photonuclear  cross  section  in  most  light  elements  is  reached  at  about 
20  to  25  MeV,  and  in  heavy  elements  at  lower  photon  energies,  down 
to  about  13  MeV  in  uranium.  The  full  width  at  half  maximum  of  the 
giant  resonance  is  about  4  to  10  MeV  for  various  nuclei  and  shows  no 
simple  dependence  on  mass  number  or  atomic  number.  This  topic  will 
be  explored  in  more  detail  in  section  2.1. 

In  summary,  the  potential  sources  of  neutron  contamination  are 
any  materials  on  which  the  electron  beam  (or  x-ray  beam)  is  incident, 
such  as  the  walls  of  the  vacuum  chamber  in  any  accelerator,  the  walls 
of  the  wave  guide  in  a  linear  accelerator,  the  x-ray  target  or  beam 
extractor,  filters,  collimators,  transmission  ionization  chambers,  light 
localizers,  the  air  path  of  the  beam,  and  the  patient.  The  potential 
sources  of  residual  radioactivity  are  any  places  where  neutrons  are 
produced  or  absorbed. 

The  betatron  was  the  first  accelerator  (greater  than  10  MeV)  to  be 
developed  and  used  for  electron  therapy  (Skaggs  et  al,  1946,  1948; 
Harvey  et  al,  1952)  and  photon  (i.e.,  x-ray)  therapy  (Adams  et  al, 
1948;  Quastler  et  al,  1949)  in  which  the  energy  of  the  radiations  was 
sufficiently  high  to  produce  neutrons.  Quastler  et  al.  (1949),  measured 
the  slow  neutron  fluence  rate  and  estimated  the  fast  neutron  fluence 
rate  at  the  position  of  the  patient  while  under  treatment.  In  the 
betatron,  the  electrons  are  accelerated  in  a  circular  orbit.  When  the 
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electrons  have  reached  an  appropriate  energy,  the  beam  is  directed 
either  (1)  through  a  field-free  region  and  thus  extracted  from  the 
betatron  for  electron  therapy  or  (2)  onto  a  high-atomic-number  ma- 
terial which  is  the  x-ray  target. 

At  the  present  time,  an  electron  linear  accelerator  would  more  likely 
be  used  for  both  electron  and  x-ray  therapy.  A  design  for  a  typical 
therapy  room  for  a  linear  accelerator  is  shown  in  Figure  2(a).  In  a 
further  development  (Skaggs  et  al.,  1958),  electron  therapy  with  a 
linear  accelerator  is  performed  with  a  pencil-beam  scanning  technique. 
With  this  technique,  much  of  the  stray  radiation,  consisting  of  both 
bremsstrahlung  and  neutrons,  is  produced  at  an  energy-selecting  col- 
limator. Downstream  from  this  collimator,  the  electron  beam  is  bent 


(o)  fck*  

(b) 


(c) 

Fig.  2.  Typical  treatment  room  layouts  for  medical  electron  accelerators;  (a)  an 
isocentric  linear  accelerator,  (b)  an  accelerator  dedicated  for  electron  therapy,  and  (c)  a 
microtron  serving  two  isocentric  treatment  heads  in  separate  rooms. 
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through  two  magnets  onto  the  patient  without  the  need  for  beam 
collimators  or  flattening  filters.  Structural  shielding  is  placed  between 
the  energy-selecting  collimator  and  the  patient  treatment  area.  With 
this  technique,  patient  exposure  to  neutrons  is  minimized.  A  typical 
therapy  facility  of  this  type  is  illustrated  in  Figure  2(b).  Most  modern 
commercial  linear  accelerators  are  built  into  an  isocentric  treatment 
gantry;  i.e.,  it  is  arranged  so  that  the  beam  can  be  rotated  around  a 
point  in  space  called  the  isocenter.  The  treatment  head  incorporates 
mechanisms  to  permit  use  of  the  electron  beam  or  a  target  to  produce 
x  rays. 

A  third  type  of  electron  accelerator,  the  microtron,  has  recently 
appeared  on  the  market.  The  microtron  is  also  a  circular  machine,  but 
has  greater  current  capabilities  than  the  betatron.  The  electron  beam 
is  usually  transported  to  a  separate  therapy  room  into  an  isocentric 
treatment  gantry.  A  typical  microtron  facility  is  illustrated  in  Figure 
2(c),  where  one  microtron  is  used  for  two  separate  therapy  rooms. 

At  present,  medical  electron  accelerators  that  operate  at  energies 
up  to  50  MeV  are  in  use.  Below  10  MeV,  neutron  production  is 
negligible;  therefore,  this  report  will  be  confined  to  machines  that 
accelerate  electrons  to  energies  of  10  to  50  MeV. 


2.    Neutron  Production  and 
Transport 


2.1    Physics  of  Photoneutron  Production 

2.1.1    Photo-  and  Electroproduction  of  Neutrons 

The  production  of  neutrons  resulting  from  the  interaction  of  pho- 
tons or  electrons  with  various  nuclides  is  governed  by  the  properties 
of  the  giant  resonance  of  the  photonuclear  interaction.  The  area  under 
this  large  peak  in  the  plot  of  the  nuclear  photon  absorption  cross 
section  as  a  function  of  photon  energy  E,  is  found  to  be  approximately 
that  given  by  the  dipole  sum-rule  (Levinger  and  Bethe,  1950), 

<r(E)  dE  =  —~   =  0.06  NZ/A  (MeV-barns) 

o  Mc  A 

(1) 

=  60  NZ/A  (MeV-mbarns) . 

In  this  expression,  e  is  the  charge  of  the  electron,  %  is  Planck's  constant 
divided  by  2ir  (MeV-s),  M  is  the  mean  nucleon  mass  (Mc2  =  938.926 
MeV),  c  is  the  speed  of  light  (cm2s_1),  N  the  neutron  number,  Z  the 
proton  number,  and  A  =  N  +  Z  is  the  number  of  nucleons  in  a  nuclide. 
The  area  under  the  empirical  total  absorption  curve,  referred  to  as  the 
strength  of  the  giant  resonance,  is  sometimes  expressed  in  units  of 
this  sum  rule.  The  symbol  used  for  this  integral  is  cr0  or  a0(E)  if  the 
integral  is  made  only  up  to  an  upper  energy  limit  of  E. 

Figure  3  gives  a  rough  picture  of  the  giant  resonance  for  nuclides 
ranging  from  oxygen  to  lead.  In  this  figure,  the  energy  scale  for  each 
nuclide  has  been  normalized  so  that  the  mean  energy  (energy  weighted 
by  cross  section)  for  photon  absorption  below  30  MeV  has  been  set 
equal  to  one.  The  actual  mean  energies  for  the  specific  nuclides  are 
given  in  MeV  by  the  figures  in  the  center  of  the  shaded  region  indicated 
for  each  nuclide.  These  shaded  regions  indicate  the  extent  of  the  giant 
resonance,  i.e.,  they  indicate  roughly  the  region  between  the  half- 
maximum  points  on  the  absorption  cross-section  curve.  Note  that  in 
this  figure  the  overall  widths  of  the  giant  resonance  vary  by  a  factor 
of  about  two.  The  narrowest  resonances  are  for  those  nuclides  with 
closed  shells,  whereas  the  broadest  are  for  those  nuclides,  {e.g.,  16oHo) 
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Fig.  3.  Giant  resonance  summary.  The  energy  scale  for  each  nucleus  has  been 
normalized  so  that  the  giant  resonance  is  one.  The  width  of  the  giant  resonance  on  this 
scale  is  indicated  by  the  shaded  regions.  Separation  energies  are  indicated  by  circles, 
open  for  protons  and  closed  for  neutrons.  See  text  for  complete  description. 


that  have  large  permanent  deformations.  The  overall  extent  of  the 
giant  resonance  for  the  deformed  nuclei  is  determined  to  a  large  extent 
by  the  splitting  of  the  giant  resonance  resulting  from  the  nuclear 
deformation.  In  this  respect,  the  large  width  indicated  for  75As  is 
interesting  in  that  it  can  probably  be  associated  with  a  dynamic 
deformation  of  this  nucleus  resulting  from  the  zero-point  vibrations 
of  the  nuclear  surface. 

The  black  dots  and  open  circles  shown  for  each  nuclide  in  Figure  3 
indicate,  respectively,  the  neutron  and  proton  separation  energies,  Sn 
and  Sp.  These  are  the  energies  that  must  be  added  to  each  nuclide  to 
remove  a  neutron  or  a  proton  from  it.  The  double  black  dots  indicate 
the  corresponding  separation  energies  for  two  neutrons.  Note  that, 
while,  for  the  light  nuclides,  the  two-neutron  separation  energy  is  well 
above  the  giant  resonance,  in  the  heavier  ones  it  occurs  in  the  center 
of  the  giant  resonance.  For  the  latter  nuclides,  the  (7,  2n)  cross  section 
can,  therefore,  make  an  appreciable  contribution  to  the  total  absorp- 
tion cross  section.  Note  that  this  reaction  results  in  the  production  of 
two  neutrons  for  each  photon  absorbed.  The  lines  designated  by  the 
letter  "B"  for  each  nuclide  indicate  the  top  of  the  Coulomb  barrier  for 
protons.  In  the  light  nuclides  this  barrier  compensates  for  the  differ- 
ence in  the  separation  energy  for  neutrons  and  protons.  The  total  (7, 
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p)  yield  might  be  expected  to  equal  the  total  (7,  n)  yield,  were  it  not 
for  the  fact  that  the  high  neutron  separation  energy  results  in  there 
being  a  paucity  of  states  available  for  decay  by  neutron  emission.  In 
the  heavy  nuclides,  the  top  of  the  Coulomb  barrier  comes  well  above 
the  giant  resonance  and  the  decay  is  predominantly  by  neutron  emis- 
sion, since  charged  particles  such  as  protons  and  alphas  cannot  easily 
penetrate  the  Coulomb  barrier.  Therefore,  to  a  very  good  approxima- 
tion, the  sum  of  the  neutron  producing  cross  sections  is  the  total 
nuclear  absorption  cross  section  for  photons.  This  effect,  when  coupled 
with  the  low  (7,  2n)  thresholds  for  the  heavier  nuclides,  means  that 
they  are  much  more  efficient  photoneutron  producers  than  are  the 
lighter  nuclides. 

Principally  as  a  result  of  the  development  of  the  quasi-monoener- 
getic,  positron-annihilation-in-flight  photon  beams  [see,  e.g.,  (Beil  et 
al,  1969;  Berman  &  Fultz,  1975)],  reliable  neutron  production  cross 
section  measurements  have  been  conducted  for  essentially  all  of  the 
major  stable  nuclides,  i.e.,  those  with  relative  isotopic  abundances,  for 
a  given  element,  of  10  percent  or  greater.  The  data  from  these  meas- 
urements for  mass  number  A  greater  than  70,  when  combined  with 
careful  total  photon  absorption  cross  section  measurements  for  the 
lighter  nuclides  (Ahrens  et  al.,  1975),  have  made  it  possible  to  establish 
firmly  the  systematics  of  the  giant  resonance  over  the  entire  periodic 
table.  The  mean  energy  and  strength  of  the  giant  resonance  derived 
from  these  measurements  are  given  in  Figures  4  and  5.  It  should  be 
pointed  out  that,  although  the  neutron  production  cross  section  meas- 
urements in  general  extend  only  to  energies  of  about  30  MeV,  the  total 
strength  of  the  giant  resonance  shown  in  Figure  5  has  been  obtained 
by  integrating,  over  all  energies,  the  Lorentz  line  fits  (Berman,  1975) 
made  to  the  empirical  cross  section  data.  In  general,  the  magnitude  of 
the  integrated  cross  section  under  the  Lorentz  line  extrapolation  of 
the  cross  section  to  energies,  above  the  range  covered  in  a  measure- 
ment, ranges  from  10  to  15  percent  of  the  integral  over  the  measured 
cross  section. 

The  neutron  production  cross  section  measurements  made,  using 
quasi-monoenergetic,  positron-annihilation-in-flight  photon  beams, 
lead  directly  to  data  giving  the  (7,  In),  (7,  2n), . . . ,  (7,  in)  reactions 
for  the  target  nuclide.  Each  of  these  represents  a  sum  over  all  the 
reactions  that  result  in  the  production  of  "i"  neutrons.  For  example, 

(7(7,  In)  =  a{y,  n)  +  a(y,  pn)  4-  a(y,  an)  +  . . .  etc. 

(2) 

a(y,  2n)  =  (7(7,  2n)a  +  v(y,  p2n)  +  <r(y,  «2n)  . . .  etc. 


In  these  expressions,  the  first  term  represents  the  cross  section  for  a 
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Fig.  4.  Mean  giant  resonance  energies.  The  plus  signs  represent  the  resonance 
energies  of  a  single  Lorentz  line  used  to  fit  (7,sn)  cross  section  data,  while  the  crosses 
are  mean  energies  calculated  from  two  Lorentz  lines  fitted  to  the  cross  section  data. 
The  circles  are  mean  total  absorption  cross  section  energies  calculated  using  data  for 
energies  below  30  MeV  (Ahrens  et  al,  1975). 
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Fig.  5.  The  strength  of  the  giant  resonance  in  units  of  the  classical  dipole  sum 
rule.  Solid  dots  were  obtained  by  integrating  Lorentz  line  fits  to  (7,sn)  (see  text  for 
meaning)  cross-section  data.  Open  circles  and  squares  are  from  total  absorption  cross- 
section  measurements.  For  open  circles,  integration  is  taken  to  30  MeV,  for  the  squares 

it  goes  to  140  MeV. 
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reaction  in  which  only  "i"  neutrons  are  emitted;  e.g.,  a(y,  n)  is  the 
cross  section  for  the  reaction  in  which  a  nuclide  of  mass  A  and  charge 
Z  absorbs  a  photon  and  then  emits  a  neutron  to  become  a  nuclide  of 
mass  (A  —  1)  and  charge  Z.  This  nuclide  is  often  radioactive,  usually 
decaying  by  positron  emission  or  by  electron  capture. 

Except  for  a  few  special  cases,  the  (7,  n)  reaction  makes  the  major 
contribution  to  the  (7,  In)  cross  section  for  photon  energies  below  35 
MeV,  i.e.,  in  the  giant  resonance  energy  range.  The  only  known 
exceptions  to  this  are  the  (7,  In)  cross  sections  for  the  odd-Z,  even-A 
nuclides  6Li,  10B,  and  14N.  In  these  nuclides  the  (7,  pn)  reaction  is  the 
major  contributor  to  the  (7,  In)  cross  section  because  their  (7,  pn) 
thresholds  are  close  to  or  below  their  (7,  n)  thresholds.  For  most 
nuclides  then,  the  (7,  In)  cross  section  measured  using  modern  quasi- 
monoenergetic,  photon-beam  facilities  can  be  used  as  a  very  good 
approximation  for  the  (7,  n)  cross  section.  These  cross  section  data 
tend  to  be  much  more  reliable  than  the  older  results  obtained  from 
the  analysis  of  measurements  of  bremsstrahlung-induced,  radioactive 
yields. 

The  measured  (7,  in)  cross  sections  just  described  can  be  combined 
to  obtain  both  a(y,  sn),  the  contribution  of  the  photoneutron  produc- 
ing reactions  to  the  total  photon  absorption  cross  section,  and  a(y, 
xn),  the  total  photoneutron  yield  cross  section.  These  cross  sections 
are  given  by 

(7(7,  sn)  =  (7(7,  In)  +  (7(7,  2n)  +  <r(y,  3n)  +  . . .  etc. 

(3) 

(7(7,  xn)  =  <r(y,  In)  +  2<r{y,  2n)  +  3(7(7,  3n)  +  . . .  etc. 

Typical  examples  of  (7,  In)  and  (7,  xn)  cross  sections  for  a  series  of 
nuclides  ranging  from  12C  through  238U  are  plotted  in  Figures  6  through 
12.  They  are  typical  of  the  data  available  with  quasi-monoenergetic 
photon  beams.  In  all  of  these  figures,  the  (7,  xn)  cross  section  is 
indicated  by  crosses  while  the  (7,  In)  or  (7,  n)  cross  section  is  given 
by  plus  signs.  Below  the  two  nucleon  separation  energy  the  (7,  xn) 
cross  section  is  equal  to  the  sum  of  the  single  neutron  emission  cross 
sections.  The  superposition  of  a  cross  and  a  plus  sign  results  in  the 
low  energy  cross  section  points  that  appear  to  be  plotted  as  asterisks 
in  the  lower  energy  positions  of  Figures  6  to  9  and  11.  In  some  cases, 
cross-section  data  derived  from  measurement  of  bremsstrahlung  yields 
extend  to  higher  energies  than  do  those  made  with  the  more  modern 
techniques.  In  general,  these  measurements  are  not  of  as  high  a  quality 
as  the  quasi-monoenergetic  beam  measurements  and  should  only  be 
used  to  extrapolate  yield  data  to  the  higher  energies. 

The  same  nuclear  reaction  that  can  be  induced  by  a  photon  can  also 
be  induced  by  the  interaction  of  an  electron  with  a  nuclide.  The 
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Fig.  6.  The  (7,xn)  and  (7,11)  cross  sections  for  12C.  The  (7,xn)  and  (7,n)  cross 
sections  are  represented  by  crosses  and  plus  signs,  respectively.  The  data  are  based  on 
those  of  Cook  et  al.  (1966)  and  Fultz  et  al.  (1966). 
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Fig.  7.  The  (7,xn)  and  (y,n)  cross  sections  for  160.  The  (7,xn)  and  (7,n)  cross 
sections  are  represented  by  crosses  and  plus  signs,  respectively  (Veyssiere  et  al.,  1974). 


2.1    PHYSICS  OF  PHOTONEUTRON  PRODUCTION      /  11 


10  - 


18        20        22        24        26        28  30 
PHOTON  ENERGY  (MeV) 

Fig.  8.  The  (7,xn)  and  (7,ln)  cross  sections  for  27 Al.  The  (7,xn)  and  (7,ln)  cross 
sections  are  represented  by  crosses  and  plus  signs,  respectively.  Above  19.4  MeV  the 
(7,ln)  cross  section  includes  an  unknown  component  due  to  the  (7,pn)  cross  section 
(Veyssiere  et  al,  1974). 
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Fig.  9.  Photoneutron  cross  sections  for  nickel  isotopes.  The  (7,xn)  cross  section 
for  ^Ni  is  given  by  the  circles.  The  (7,xn)  and  (7,ln)  cross  sections  for  ^Ni  are  given 
by  the  pluses  and  crosses,  respectively.  Above  19.6  MeV  the  (7,ln)  cross  section  includes 
an  unknown  component  due  to  the  (7,pn)  cross  section  (Fultz  et  al,  1974). 
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Fig.  10.  Photoneutron  cross  sections  for  copper.  The  (7,xn)  cross  section  for 
natural  copper  is  given  by  the  crosses.  The  (7,n)  cross  section  for  63Cu  (abundance  69.2 
percent)  is  represented  by  the  plus  signs.  The  (7,xn)  data  are  from  Kneissl  et  al,  (1976); 
the  63Cu(7,n)  data  are  from  Sund  et  al,  (1968). 
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Fig.  11.  The  (7,xn)  and  (7,ln)  cross  sections  for  208Pb.  The  (7,xn)  and  (7, In)  cross 
sections  are  represented  by  crosses  and  plus  signs,  respectively.  Above  14.9  MeV  the 
(7,ln)  cross  section  includes  an  unknown  component  from  the  (y,pn)  reactions  (Veys- 
siere  et  al,  1970). 
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Fig.  12.  The  (7,xn)  and  (7,ln)  cross  sections  for  238U.  The  (7,xn)  and  (7,ln)  cross 
sections  are  indicated  by  crosses  and  plus  signs,  respectively. 

electrodisintegration  cross  section,  i.e.,  a(e,  n:Ee),  is  analogous  to  the 
bremsstrahlung-weightedphotodisintegration  cross  section,  aq(y,  n:Ee 
-  mc2),  that  would  be  measured  using  a  bremsstrahlung  spectrum 
generated  by  an  electron  with  energy  Ee.  These  two  reactions  are 
indicated  schematically  in  the  two  diagrams  given  in  Figure  13.  Note 
that  in  both  diagrams  an  electron  with  energy  Ei  enters  from  the  left. 
In  Figure  13a,  the  electron  scatters  through  an  angle  6  in  the  Coulomb 
field  of  a  radiator,  nuclide  R,  to  produce  a  real  photon  of  energy  Ey  = 
Ei  —  Ef.  This  photon  then  induces  a  photonuclear  reaction  in  the 
target  nuclide  A,  e.g.,  7+A— »(A-l)  +  n.  This  diagram  can  be  cut 
into  two  pieces  anywhere  along  the  photon's  path  between  R  and  A. 
The  reaction  can  take  place  either  in  a  second  nuclide  R'  in  the 
radiator  or  in  a  sample  meters  away. 

In  the  electrodisintegration  diagram,  Figure  13b,  the  same  nuclide 
A  is  both  the  "radiator"  and  the  target.  In  the  sample  shown,  an 
electron  again  enters  from  the  left  and  scatters  through  an  angle  6  in 
the  Coulomb  field  of  the  nuclide  A.  In  a  few  such  events,  rather  than 
creating  a  real  photon  as  in  Figure  13a,  a  virtual  photon  of  energy 
2£>  =  Ei  —  Ef  will  interact  directly  with  the  nuclide  A  to  initiate  a 
reaction,  e.g.,  e  +  A  — >  (A  -  1)  +  n  +  e'.  The  notation  <r(e,  n)  is  used 
for  this  reaction  when  the  outgoing  electron  is  not  detected.  When 
both  the  outgoing  nucleon  and  electron  are  detected,  the  notation  <r(e, 
ern)  is  used.  Note  that  the  diagram  given  in  Figure  13b  cannot  be  cut 
into  two  parts  along  the  virtual  photon  line.  Both  the  inelastic  electron 
scattering  and  the  electrodisintegration  reactions  result  from  the  same 
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Fig.  13.  Schematic  representation  of  neutron  production  processes.  Diagram  (a) 
is  for  a  (7,n)  reaction  while  (b)  is  for  an  (e,n)  reaction.  See  discussion  in  text. 

interaction  of  the  incident  electron  with  the  target  nuclide  A.  The 
electrodisintegration  cross  section  is  given  by  a  sum  of  the  integrals 
over  the  virtual-photon  energy  of  the  product  of  the  appropriate 
virtual-photon  spectra  and  photonuclear  cross  sections.  Due  to  the 
lack  of  angular  momentum  resolved  photonuclear  cross  section  data 
and  various  technical  difficulties  in  the  calculations  of  virtual-photon 
spectra,  it  has  not  been  possible  to  relate  directly  electro-  to  photodis- 
integration  cross  sections  except  for  a  few  light  nuclides  and  electron 
energies  below  40  MeV. 

In  general,  electrodisintegration  cross  sections  are  expected  to  be  of 
the  order  of  the  fine  structure  constant,  a  V137,  times  the  correspond- 
ing bremsstrahlung-weighted  cross  sections.  This  cross  section,  also 
called  the  cross  section  per  equivalent  quantum,  is  defined  by  the 
following  expression: 

CEb 

Eh  J     B(Ey,  Eh)Eyla{y,  n:Ey)  dEy 
oq(y,  n:Eh)  =  —  ,  (4) 

B(Ey,  Eh)  dEy 

Jo 
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where  B(Ey,  Eh)  is  the  energy  per  unit  energy  interval  at  an  energy, 
Ey,  in  a  bremsstrahlung  spectrum  extending  up  to  a  maximum  energy, 
Eh.  The  maximum  energy  is  given  by  Eh  =  E,  -  mc2,  where  E\  is  the 
energy  of  the  electrons  used  to  generate  the  bremsstrahlung  and  mc1 
is  the  electron  rest  mass,  0.511  MeV.  Note  that  the  integral  in  the 
denominator  of  this  expression  gives  the  total  energy  in  the  brems- 
strahlung spectrum  used  to  initiate  the  photonuclear  reaction. 

In  order  to  put  the  electro-  and  photodisintegration  reactions  into 
some  perspective,  consider  the  yields  from  these  two  reactions  result- 
ing from  the  interaction  of  a  beam  of  electrons  with  a  "thin"  target, 
i.e.,  a  target  in  which  the  energy  loss  of  the  electrons  passing  through 
it  is  small  enough  so  that  the  energy  dependence  of  the  reaction  cross 
sections  can  be  neglected.  This  condition  defines  a  limiting  energy 
loss  for  the  electron  AEe  which  can  be  written  as  AEe  =  eEe.  The 
thickness  of  such  a  target  is  then  given  by  Ax  =  eEe/a{Ee)g/cm2, 
where  a(Ee)  is  the  total  electron  stopping  power  for  the  target.  This 
is  given  by  the  sum  of  the  collision,  ac{Ee),  and  radiative,  aT{Ee), 
stopping  powers.  In  a  small  element  of  thickness  Ax,  the  fraction 
of  an  electron's  energy  converted  to  bremsstrahlung  is  given  by 
Ax/Xr(£e)  where  Xr(Ee)  =  Ee/aT(Ee).  Using  these  relationships,  the 
reaction  yields  from  the  bremsstrahlung  induced  in  the  target,  Yh(Ee), 
and  from  the  direct  electrodisintegration  process,  Ye{Ee),  are  given, 
e.g.,  by: 

Yb(7,  xn:£e)  =  ^{E~)  ~2A  <7q{7,  xn:Ee~  mc  > 

neutrons/electron,  (5) 
NAx 

Ye(e,  xn:£e)  =  —7-  c(e,  xn:£e)  neutrons/electron, 

A 

where  N  =  6.022  X  1023  mol"1.  Note  that  the  ratio, 

Yb(Y,  xn:£e)  =     Ax    1  <rq(7,  xn:£e  -  mc2) 
Ye(e,  xn:£e)  ~  Xr(£e)  2       <r(e,  xn:£e) 

increases  linearly  with  the  target  thickness.  If  the  approximation  is 
made  that  o-(e,  xn)/<rq(Y,  xn)  =  V137  this  expression  becomes 

Yb  aT(Ee) 


Ye  a(Ee) 


68.5e,  (7) 


i.e.,  it  depends  only  on  the  target  thickness  and  the  ratio  of  the 
radiation  to  the  total  stopping  power  for  the  target.  This  yield  ratio 
ranges  from  10.2e  for  Al  at  10  MeV  to  57. le  for  Pb  at  50  MeV. 

In  terms  of  the  expressions  just  discussed,  the  ratio  of  the  neutron 
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yield  to  the  bremsstrahlung  yield  from  a  thin  target  is  given  by, 


-  neutrons/MeV 

neutrons/MeV,  (8) 

where  the  only  approximation  involves  replacing  <r(e,  xn)/o-q(7,  xn) 
by  V137.  For  35  MeV  electrons  and  e  =  0.05,  Y(xn)/Y(brems)  ranges 
from  1.88  x  10~6  neutrons  per  MeV  of  bremsstrahlung  for  carbon  to 
9.89  x  10"6  neutrons  per  MeV  of  bremsstrahlung  for  uranium.  The 
quantities  aT(Ee)/a(Ee)  and  a(Ee),  are  listed  in  Tables  1  and  2  (Berger 
and  Seltzer,  1964).  See  also  Berger  and  Seltzer,  1982. 

Values  of  <rq(yf  xn:35  MeV)/A  are  plotted  as  a  function  of  Z,  the 
atomic  number,  in  Figure  14.  As  is  indicated  by  Figure  3  and  Figures 
6  through  12,  35  MeV  is  well  above  the  peak  of  the  giant  resonance 
for  all  nuclides.  The  normalization  of  aq(y,  xn:35  MeV)  with  the 
factor  1/A,  therefore,  serves  to  remove  most  of  the  effect  of  the  increase 
in  strength  of  the  giant  resonance  with  the  factor,  NZ/A,  given  by  the 
sum  rule  (see  equation  1).  This  does  not,  however,  remove  the  en- 
hanced neutron  yield  due  to  the  location  of  the  (7,  2n)  threshold 
relative  to  the  giant  resonance  energy  (see,  e.g.,  Figure  3).  The  large 
normalized  neutron  yield  for  Be  compared  to  C  and  O  is  the  result  of 


Table  1 — Ratio  of  radiative  to  total  stopping  power 
ar(Ee)/a(Ee) 


E,  (MeV) 

Element 

5 

10 

20 

30 

40 

50 

Be 

.0280 

.0586 

.118 

.173 

.222 

.266 

C 

.0390 

.0797 

.157 

.224 

.282 

.333 

N 

.0410 

.0805 

.153 

.215 

.269 

.316 

0 

.0459 

.0895 

.168 

.234 

.291 

.341 

Mg 

.0714 

.138 

.253 

.343 

.415 

.473 

Al 

.0774 

.149 

.270 

.363 

.436 

.495 

Fe 

.149 

.260 

.418 

.524 

.599 

.653 

Cu 

.164 

.281 

.444 

.549 

.623 

.676 

Ag 

.243 

.383 

.552 

.652 

.716 

.761 

Sn 

.254 

.396 

.563 

.661 

.725 

.768 

W 

.341 

.494 

.650 

.735 

.790 

.825 

Au 

.357 

.508 

.665 

.747 

.798 

.833 

Pb 

.361 

.511 

.669 

.750 

.799 

.834 

U 

.391 

.540 

.691 

.769 

.816 

.848 

Y(xn) 
Y(brems) 

iVAjc  <rq(y,  xn) 


a(Ee) 


Ee 

Noq(y,  xn) 
A 


0.5  + 


Xr(Ee)  (j(e,  xn 


0.5  + 


AX       (7q(7,  XI 

a(Ee)  1 
aT(Ee)  137 
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Table  2 — Total  electron  stopping  power* 
 a(Ee),  MeV-cm2/g 


Element 

E,  (MeV) 

5 

10 

20 

30 

40 

50 

Be 

i  ace 

1.673 

1.844 

2.001 

2.152 

2.302 

C 

i  net 
1.  /bl 

1.914 

2.164 

2.396 

2.622 

2.847 

N 

l.yio 

2.157 

2.523 

2.840 

3.128 

3.405 

0 

l.yiy 

2.172 

2.564 

2.907 

3.227 

3.526 

Mg 

1  OCA 

1.  loO 

i.97y 

2.383 

2.773 

3.158 

3.543 

Al 

1.692 

1.924 

2.341 

2.745 

3.146 

3.547 

Fe 

1.680 

2.033 

2.708 

3.388 

4.080 

4.774 

Cu 

1.663 

2.038 

2.759 

3.490 

4.234 

4.981 

Ag 

1.710 

2.226 

3.231 

4.264 

5.335 

6.408 

Sn 

1.683 

2.211 

3.233 

4.282 

5.374 

6.468 

W 

1.747 

2.424 

3.703 

5.033 

6.462 

7.887 

Au 

1.770 

2.469 

3.839 

5.242 

6.694 

8.190 

Pb 

1.779 

2.493 

3.907 

5.337 

6.783 

8.303 

U 

1.783 

2.530 

4.006 

5.512 

7.059 

8.673 

*  Later  values  for  a  broader  range  of  electrons  and  energies  in  ICRU,  1984. 
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Fig.  14.  Bremsstrahlung  weighted  photoneutron  yield  cross  sections.  The  quantity 
plotted  is  <rq  (7,xn:35)/A,  where  A  is  the  atomic  mass  number.  See  text  for  discussion. 

the  (7,  2n)  threshold  in  9Be  being  at  20.6  MeV,  below  the  main  giant 
resonance  strength.  In  12C  and  160,  these  thresholds  are  on  the  high 
energy  side  of  the  giant  resonance  at  31.8  MeV  and  28.5  MeV, 
respectively.  The  large  value  for  238U  is  due  to  the  large  neutron 
multiplicity  associated  with  the  photofission  cross  section. 
The  low  normalized  yield  for  nickel  at  35  MeV,  0.322  mb,  is  primarily 
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due  to  the  unique  properties  of  58Ni.  For  a  pure  58Ni  target,  the 
normalized  yield  is  even  lower,  0.215  mb,  giving,  for  the  ratio  of  the 
neutron  yield  to  bremsstrahlung  yield  for  a  target  with  e  =  0.05,  1.28 
X  10"6  neutrons  per  MeV  of  bremsstrahlung.  The  corresponding  yield 
ratios  for  gold  and  lead  are,  respectively,  4.90  X  10"6  and  5.03  X  10~6 
neutrons  per  MeV  of  bremsstrahlung.  In  spite  of  the  low  values  of  the 
ratio  of  neutron  to  bremsstrahlung  yields  for  nickel,  it  is  probably  not 
practical  to  consider  using  nickel  as  a  thick  bremsstrahlung  target  or 
as  a  primary  shielding  material  due  to  the  necessity  of  having  to 
provide  additional  shielding  for  radioactive  decay  products  of  the  57Ni 
produced  by  the  (7,  n)  reaction  in  58Ni.  The  half  life  of  57Ni  is  36 
hours  and  each  decay  results  in  the  emission  of  a  gamma  ray  with  an 
energy  of  1.38  MeV  or  higher.  In  addition,  in  34  percent  of  the  decays, 
positrons  are  emitted,  each  of  which  results  in  the  production  of  two 
511  keV  annihilation  photons. 

In  the  discussion  above,  it  has  been  assumed  that  the  target  with 
which  the  electron  interacts  is  thin,  i.e.,  f  «1.  The  actual  value  of  e 
chosen  is  such  that,  within  the  uncertainty  desired  for  a  calculated 
yield,  the  change  in  the  electron's  energy  as  it  passes  through  the 
target  can  be  neglected.  When  the  target  is  not  thin,  the  simple 
expressions  given  above  must  be  replaced  by  the  appropriate  integrals 
of  the  various  cross  sections  or  yields  over  the  electron  energy  distri- 
bution in  the  target.  Note  that  for  a  thick  target,  thickness  equal  to 
or  greater  than  the  electron's  range,  the  ratio  of  the  neutron  yield  to 
the  bremsstrahlung  yield  will  be  greater  than  the  thin-target  yields 
given  by  the  expressions  above.  This  results  from  the  fact  that  the 
bremsstrahlung  produced  in  an  element  at  a  given  depth  in  a  target 
can  interact  with  all  parts  of  the  target  at  depths  greater  than  the 
depth  at  which  it  was  produced.  This  effect  is  included  in  the  thin- 
target  expressions,  but  those  are  valid  only  if  the  target  is  so  thin  that 
electrons  passing  through  it  lose,  on  the  average,  only  a  small  fraction 
of  their  energy. 

Tables  3  and  4  present  data  related  to  the  production  of  neutrons 
in  materials  that  are  apt  to  be  encountered  in  electron  accelerator 
installations.  Table  3  gives,  for  a  series  of  elements  ranging  from 
beryllium  to  uranium,  relative  isotopic  abundances,  separation  energy 
(S)  associated  with  the  principal  neutron  production  reactions,  and 
an  abbreviated  indication  of  the  radioactive  decay  properties  of  the 
daughter  nuclides  produced  in  each  reaction.  Table  4  gives  values  of 
the  cross  section  per  equivalent  quantum  for  the  (7,  xn)  reaction  in  a 
series  of  nuclides  and  elements.  In  all  cases,  the  low-energy  cross 
sections  have  been  calculated  from  data  obtained  using  quasi-mono- 
energetic  positron  annihilation-in-flight  photon  beams.  In  several 
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cases  the  calculations  have  been  extended  to  higher  energies  by  nor- 
malizing cross  sections  determined  from  measurements  of  bremsstrah- 
lung  yield  curves  to  the  quasi-monoenergetic  photon  data  in  a  small 
energy  region  near  their  upper  energy  limit.  The  approximate  location 
of  this  transition  band  is  given  by  the  *'s  entered  in  the  appropriate 
rows  of  Table  4. 

Up  to  this  point,  the  discussion  of  the  production  of  neutrons  has 
been  concerned  exclusively  with  the  basic  nuclear  reactions  that  result 
in  neutron  production,  their  cross  sections,  and  the  resulting  neutron 
yields  from  the  interaction  of  electrons  with  thin  targets.  These  are 
the  basic  data  that  are  needed  for  the  more  complicated  calculations 
that  lead  to  estimates  of  the  neutron  yields  resulting  from  the  inter- 
action of  electron  and  bremsstrahlung  beams  with  thick  targets.  Some 
thick-target  neutron-yield  calculations  are  made  by  dividing  up  the 
thick  target  into  a  series  of  thin  targets  and  then  using  statistical 
methods  to  determine  what  happens  to  each  of  a  large  number  of 
electrons  in  each  element  of  the  target.  All  processes  are  considered: 
energy  loss  by  collision,  bremsstrahlung  production,  pair  production, 
Compton  scattering,  etc.  If  an  electron  generates  a  bremsstrahlung 
photon,  then  the  photonuclear  cross-section  data  are  used  to  calculate 
the  probability  that  the  photon  is  absorbed  to  produce  a  neutron  in 
the  remaining  thickness  of  the  target.  Each  electron  is  followed  until 
it  either  escapes  or  loses  all  of  its  energy  in  the  target.  Such  calculations 
are  laborious  and  require  the  use  of  sophisticated  Monte  Carlo  com- 
puter programs.  In  principle,  however,  they  can  be  carried  out  for 
specific  target  compositions,  shapes,  and  geometries. 

Swanson  (1978,  1979)  has  followed  a  different  approach  to  calculate 
the  neutron  yield  from  "semi-infinite"  slabs  of  10  elements  ranging 
from  carbon  to  uranium.  The  semi-infinite  approximation  means  that 
the  slabs  are  thick  enough  and  of  sufficient  area  to  absorb  the  entire 
electromagnetic  shower  generated  by  an  electron  entering  normal  to 
the  surface.  Swanson's  calculations  (1978)  indicate  that  this  approxi- 
mation is  valid  to  within  5  percent  when  targets  8  to  10  radiation 
lengths  thick  are  bombarded  with  17  to  100  MeV  electrons.  While  the 
target  is  infinitely  thick  for  the  electromagnetic  shower,  it  is  assumed 
to  be  very  thin  for  the  neutrons  that  are  generated  within  it,  i.e.,  it  is 
assumed  that  no  neutrons  are  reabsorbed  in  the  target.  The  effect  of 
the  photonuclear  interactions  on  the  shower  propagation  is  also  ne- 
glected. This  latter  effect  is  expected  to  be  small  since,  at  the  most, 
the  photonuclear  cross  section  is  less  than  seven  percent  of  the  sum 
of  all  the  "electronic"  cross  sections  that  enter  the  shower  calculations. 
The  results  of  these  calculations  are  given  in  Figure  15  (Swanson, 
1979).  In  view  of  the  assumptions  and  approximations  on  which  these 


24      /      2.    NEUTRON  PRODUCTION  AND  TRANSPORT 


To  Ag     Fe  A{ 

ELECTRON  ENERGY  E0  (MeV) 

Fig.  15.  Neutron  yields  from  semi-infinite  targets  of  various  materials  per  unit 
incident  electron-beam  power  as  a  function  of  incident  electron  energy  Ea  (Swanson, 

1979). 

calculations  are  based,  the  curves  plotted  in  Figure  15  represent  the 
maximum  number  of  neutrons  an  electron  can  produce  in  interacting 
with  any  given  element.  In  Table  5,  neutron  yields  produced  by 
34 -MeV  electrons  for  a  series  of  five  target  materials  are  compared  for 
a  wide  range  of  target  thickness.  The  sources  of  these  data  are:  (a) 
Equation  5  of  this  report  using  a  value  c  =  0.1,  (b)  experimental  data 
of  Barber  and  George  (1959)  and  (c)  the  yields  calculated  by  Swanson 
(1979)  for  semi-infinite  target  thickness. 
Making  use  of  the  Monte  Carlo  calculations  of  Alsmiller  and  Moran 
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Fig.  16.  Relative  neutron  yield  produced  by  electron  beams  as  a  function  of  target 
thickness  in  radiation  lengths  X0  (Swanson,  1978). 

(1966)  and  of  Hansen  et  a/.,  (1975),  the  plots  of  neutron  yield  as  a 
function  of  lead  target-thickness  given  in  Figure  16  were  obtained  by 
Swanson  (1978).  Using  this  figure  and  the  neutron  yield  from  lead  for 
a  semi-infinitely  thick  target  given  in  Figure  15,  it  is  possible  to  obtain 
the  neutron  yield  to  be  expected  from  a  target  of  any  given  thickness. 
This  has  been  done  for  the  Pb  targets  used  in  the  measurements  of 
Barber  and  George  (1959).  The  calculated  and  measured  yields  are 
compared  in  Table  5.  The  agreement  between  the  calculated  and 
measured  yields  for  Pb,  to  within  7  percent,  is  quite  satisfactory. 

2.1.2    Primary  Photoneutron  Spectra 

The  spectrum  of  neutrons  emitted  following  the  absorption  by  a 
nuclide  {A,  Z)  of  a  photon  of  energy  Ey  is  determined  by  the  spectrum 
of  states  in  the  daughter  nuclide  (A  —  1,  Z)  up  to  an  excitation  energy 
given  by  J£x(max)  =  Ey-Sn—AR,  where  Sn  is  the  neutron  separation 
energy  for  (A,  Z)  and  AR  ^  E\/2AMc2  is  the  center-of-mass  recoil 
energy.  In  the  decay  of  the  photon-excited  states  in  (A,  Z),  the  states 
in  the  daughter  nuclide  with  energies  less  than  or  equal  to  i£x(max), 
that  can  be  reached  by  the  emission  of  low  angular  momentum 
neutrons,  will  be  preferentially  populated.  When  the  level  density  of 
the  appropriate  states  in  the  daughter  nuclide  is  low,  only  a  few  states 
can  participate  in  the  decay  process.  The  spectrum  of  photoneutrons 
then  consists  of  only  a  few  discrete  lines  whose  energies  in  the  center- 
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of-mass  system  are  given  by  expressions  of  the  form:  En(i)  =  Ey  -  AR 
-  Sn  —  EX(A  -  1,  Z:i),  where  AR  is  the  energy  in  the  center-of-mass 
system  given  the  recoiling  (A  -  1)  nuclide  and  where  EX(A  -  1,  Z:i)  is 
the  energy  of  the  i'th  level  in  the  nuclide  (A  -  1,  Z),  measured  with 
respect  to  its  ground  state. 

When  the  density  of  states  in  the  daughter  nuclide  is  high,  i.e.,  many 
states  of  the  appropriate  angular  momentum  quantum  numbers  and 
parity  are  within  an  excitation  energy  interval  comparable  to  the 
resolution  of  the  neutron  detector,  the  discrete  spectrum  of  decay 
neutrons  becomes  continuous.  At  these  excitation  energies,  the  distri- 
bution of  levels  at  an  effective  energy  U  in  the  daughter  nuclide 
(A  -  1,  Z)  is  usually  taken  to  be  that  of  a  Fermi  gas  made  up  of  Z 
protons  and  (A  —  1  —  Z)  neutrons  confined  within  a  volume  equal  to 
that  of  the  nuclide  [see,  e.g.,  (Preston,  1962)].  This  density,  w(U),  can 
be  approximated  by 

co(C7)  =  CF£r2exp2(a[/)1/2,  (9) 

where  the  constants  CF  and  "a"  depend  on  the  number  of  neutrons 
and  protons  within  the  nuclide  and  on  its  size.  In  terms  of  the  true 
excitation  energy  Ex,  the  effective  excitation  energy  is  given  by 
U  -  Ap,  where  Ap  is  the  pairing  energy  correction  (Gilbert  and 
Cameron,  1965).  This  expression  for  the  density  of  levels  in  the 
residual  nuclide  (A  —  1,  Z)  yields  the  following  expression  for  the 
energy  distribution,  dN(En)/dEn,  of  the  decay  neutrons  resulting  from 
the  absorption  of  photons  with  energy  Ey  by  a  target  (A,  Z): 

=  KfEnac(A  -  1,  Z:En) Cr2exp2(a UT  ,  (10) 

where  U  -  Ey  -  Sn  -  Ap  -  En  is  the  effective  excitation  energy.  The 
term  ac(A  —  1,  Z:En)  is  the  cross  section  for  the  capture  of  a  neutron 
with  kinetic  energy  En  by  the  nuclide  (A  —  1,  Z)  at  the  effective 
excitation  energy  U.  This  capture  cross  section  cannot  be  measured. 
The  constant  Kf  normalizes  the  spectrum  to  contain  a  specific  number 
of  neutrons.  In  analyzing  photoneutron  spectra,  a  theoretical  ground- 
state  neutron  capture  cross  section  is  often  used  for  ac  or  it  is  assumed 
to  be  a  constant  independent  of  neutron  energy.  In  practice,  the  exact 
form  of  the  expression  used  for  oc  makes  little  difference  in  the  values 
of  the  constant  "a"  obtained  from  fitting  empirical  spectra  since,  over 
the  portions  of  the  spectrum  where  equation  10  is  valid,  ac  is  a  slowly 
varying  function  of  En  compared  to  the  other  energy-dependent  factors 
in  the  equation. 

Another  expression  to  describe  the  energy  distribution  of  photoneu- 
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trons  is  based  on  Weisskopf s  statistical  treatment  of  nuclear  level 
densities  (Blatt  and  Weisskopf,  1952).  The  expression  results  from 
making  a  Taylor  series  expansion  of  the  logarithm  of  the  level  density 
(the  nuclear  entropy)  about  the  maximum  excitation  energy  that  can 
be  reached  in  the  daughter  nuclide  by  neutron  decay  as  a  result  of  the 
absorption  of  a  photon  of  energy  Ey  by  the  parent  nuclide.  The 
resulting  expression  for  the  neutron  spectrum  is 

=  Kw<rc(A  -  1,  Z:En)EnexV(-EJT) ,  (11) 

where  T  is  a  "nuclear  temperature."  It  should  be  noted  that  this 
temperature  is  associated  with  the  residual  nuclide  that  remains  after 
the  neutron  has  been  emitted,  not  with  the  nuclide  that  originally 
absorbed  the  photon.  The  constant  Kw  normalizes  the  spectrum  to 
contain  a  specific  number  of  neutrons.  Although  this  expression  should 
give  a  valid  description  of  only  the  low  energy  portion  of  the  photo  - 
neutron  spectrum,  it  has  often  been  used  to  fit  empirical  spectral  data 
over  a  good  part  of  the  total  energy  range  covered  by  the  data.  The 
major  deviation  from  the  spectrum  given  by  equation  11  is  in  the 
higher  energy  range  where  the  neutrons  are  produced  by  the  process 
described  below. 

In  any  nuclide  (A  —  1,  Z)  there  are  always  a  few  low-lying  states 
which  bear  a  simple,  single-particle  relationship  to  the  ground  state  of 
the  neighboring  nuclide  (A,  Z).  It  is,  therefore,  possible  for  a  photon 
interacting  with  (A,  Z)  to  induce  a  direct  transition  to  one  of  these 
states,  with  the  emission  of  a  high-energy  neutron.  These  neutrons 
are  to  be  contrasted  with  those  whose  spectrum  can  be  described  by 
equation  10  or  11,  which  result  from  the  neutron  decay  of  the  "giant- 
resonance  state"  reached  when  a  nuclide  (A,  Z)  absorbs  a  photon  of 
energy  Ey.  The  direct  spectrum  of  photoneutrons  produced  by  a 
monoenergetic  photon  beam  would  consist  of  a  series  of  discrete  lines. 
In  contrast  to  the  isotropic  angular  distribution  of  the  "statistical- 
decay"  neutrons  described  by  equations  10  or  11,  the  angular  distri- 
bution of  the  "direct"  neutrons  is  usually  anisotropic  with  respect  to 
the  photon-beam  direction. 

Most  of  the  available  photoneutron  spectra  measurements  were 
made  with  bremsstrahlung  beams,  i.e.,  the  empirical  spectra  represent 
averages  of  monoenergetic  photon  spectra  weighted  with  the  product 
of  the  (7,  sn)  cross  section  and  the  bremsstrahlung  spectrum.  Exam- 
ples of  photoneutron  spectra  for  160, 197 Au  and  Pb  are  given  in  Figures 
17  through  19.  Oxygen-16  is  an  example  of  a  light  nuclide  where  only 
a  few  states  in  the  daughter  nucleus  have  the  appropriate  parity  and 
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Fig.  17.  Calculated  bremsstrahlung-produced  photoneutron  spectra  from  160.  The 
three  curves  in  order  of  increasing  upper  energy  limit  give  the  spectra  produced  by  21, 
25  and  29  MeV  bremsstrahlung  spectra.  The  data  are  normalized  such  that  the  area 
under  each  spectrum  is  proportional  to  (rq{y,xn:Eb),  see  Eq.  4.  Spectra  were  calculated 
using  the  cross  sections  given  by  Caldwell  (1967)  for  transitions  to  the  ground  and  first 
three  excited  states  of  150.  The  tabulated  bremsstrahlung  spectra  of  Penfold  and  Leiss 
(1958)  were  used. 

angular  momentum  quantum  numbers  to  participate  to  any  great 
extent  in  the  decay  of  the  giant  resonance  of  the  parent  nuclide. 

Figures  18  and  19  give  photoneutron  spectra  for  lead  and  gold 
produced  by  bremsstrahlung  spectra  with  a  number  of  different  peak 
energies.  The  spectra  for  lead  are  plotted  on  a  linear-yield  scale  to 
facilitate  comparison  with  the  spectra  for  160  given  in  the  previous 
figure. 

The  semilogarithmic  plot  used  for  the  gold  photoneutron  spectra 
plotted  in  Figure  19  is  the  more  usual  form  used  to  present  spectral 
data  for  nuclides  with  mass  numbers  greater  than  40.  The  data 
presented  are  those  of  Mutchler  (1966).  The  neutron  spectra  measured 
for  the  two  peak-energy  bremsstrahlung  spectra  have  been  normalized 
such  that  the  difference  between  these  two  spectra  gives  the  spectrum 
that  would  be  produced  by  a  photon  spectrum  centered  at  about  14 
MeV  with  a  width  at  half  maximum  of  about  2  MeV.  Note  that  the 
slope  of  the  difference  spectrum  for  neutron  energies  below  3.5  MeV 
is  different  from  the  slope  of  the  spectra  measured  using  either  14  or 
15  MeV  bremsstrahlung.  For  energies  near  the  peak  of  the  giant 
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Fig.  18.  Bremsstrahlung-produced  photoneutron  spectra  from  lead.  The  three  sets 
of  data  are  for  13, 15  and  31  MeV  bremsstrahlung  spectra.  The  area  under  each  spectrum 
is  proportional  to  <rq(7,xn:£).  The  31  MeV  data  are  indicated  by  circles  (McNeill  et  ai, 
1970),  those  for  15  and  13  MeV  indicated  by  triangles  and  plus  signs,  respectively 
(Mutchler,  1966). 


resonance,  the  shape  of  the  photoneutron  spectrum  depends  on  the 
shape  and  extent  of  the  photon  spectrum  used  to  create  the  photoneu- 
trons.  Also  note  that  all  three  spectra  in  Figure  19  show  a  rather 
pronounced  change  in  slope  in  the  vicinity  of  3.5  MeV.  The  high- 
energy  neutrons  have  been  shown  by  Mutchler  to  be  associated  with 
direct  transitions.  These  account  for  about  14  percent  of  the  neutrons 
in  the  difference  spectrum. 

Two  quite  different  photoneutron-production  experiments  have  pro- 
vided surveys  of  level  density  parameters  that  can  be  used  to  estimate 
photoneutron  spectra.  The  first  of  these  is  the  work  of  Mutchler  (1966) 
in  which  the  photoneutron  spectra  produced  by  bremsstrahlung  with 
peak  energies  of  15, 14  and  sometimes  13  MeV  were  measured  at  three 
angles  for  a  series  of  17  elements  ranging  from  In  to  Bi.  The  angular 
distribution  data  were  used  to  separate  the  measured  spectra  into 
evaporation  and  direct  components  and  also  to  obtain  the  total  pho- 
toneutron spectrum  integrated  over  all  angles.  The  measured  spectra, 
as  well  as  the  separated  evaporation  components,  were  analyzed  using 
various  theoretical  expressions,  including  those  given  by  equations  10 
and  11  above.  The  effect  of  using  only  the  evaporation  component  in 
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Fig,  19.  Photoneutron  spectra  for  gold  (Mutchler,  1966).  The  spectra  defined  by 
circles  and  triangles,  respectively,  are  produced  by  13  and  15  MeV  bremsstrahlung.  The 
crosses  give  the  difference  spectrum  due  to  a  band  of  photons  about  2  MeV  wide  centered 
at  14  MeV. 

the  analysis  was  to  decrease  the  resulting  values  of  T  by  about  10 
percent  and  to  increase  the  values  of  "a"  by  about  20  percent. 

The  second  survey  experiment  is  that  of  Barrett  et  ai,  (1973),  in 
which  the  neutron-energy-dependent  moderation  characteristics  of  a 
1.6  meter  cube  of  paraffin  were  used  to  determine  the  mean  energy  of 
the  neutrons  produced  in  a  target  irradiated  by  bremsstrahlung.  For 
each  of  38  elemental  targets  ranging  from  Ti  to  Bi,  the  mean  energies 
of  the  neutrons  produced  by  18  different  peak-energy  bremsstrahlung 
spectra  were  determined.  The  peak  bremsstrahlung  energies  ranged 
from  10  to  27  MeV.  The  resulting  experimental  points  were  then  fitted 
with  mean-energy  curves  calculated  by  using  empirical  photoneutron 
cross  section  data  and  photoneutron  spectra  based  on  both  the  Fermi 
gas  (equation  9)  and  constant  temperature  [o>(u)  ~  exp(U/T)]  expres- 
sion for  the  level  density  in  the  (A  -  1,  Z)  nuclide.  The  only  adjustable 
constants  used  in  the  fitting  procedure  were  the  level  density  param- 
eters, a  or  T,  in  the  photoneutron  spectral  expressions.  Empirical 
values  were  used  for  all  other  constants  appearing  in  the  expressions 
for  the  mean  neutron  energy.  In  the  analysis,  no  attempt  was  made  to 
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Fig.  20.  Experimental  values  for  the  Fermi  gas-level  density  parameter,  a,  as  a 
function  of  mass  number,  A.  A  least-squares  fit  of  the  theoretical  curve  due  to  Newton 
(Newton,  1956),  has  been  made  to  the  experimental  data  by  Barrett  et  al,  1973. 


include  a  direct  neutron  component  in  the  spectra.  The  values  of  the 
level  density  parameter,  a,  determined  in  this  experiment  are  plotted 
as  a  function  of  the  nuclear  mass  number  A  in  Figure  20. 

The  level  density  parameters  resulting  from  the  Mutchler  (1966) 
and  Barrett  et  al.  (1973)  experiments  are  listed  in  Table  6.  On  the 
whole,  the  values  for  the  level  density  constant,  a,  obtained  in  the  two 
experiments  agree  within  the  experimental  uncertainties.  Also  listed 
in  Table  6  are  values  of  the  nuclear  temperature,  T,  obtained  from 
time-of-flight  measurements  by  Glazunov  et  al,  1964.  The  neutron 
energies  listed  under  Eh  in  Table  6  are  those  in  which  the  transition 
takes  place  between  the  evaporation  and  direct  spectra  in  Mutchler's 
data. 

In  contrast  to  the  body  of  modern  data  that  exist  for  the  various 
neutron  production  cross-sections,  the  photoneutron  spectral  data  are 
not  very  complete.  This  is  particularly  true  for  spectra  produced  by 
bremsstrahlung  with  peak  energies  above  25  MeV.  There  are  a  number 
of  spectra  available  in  the  literature  that  were  measured  with  nuclear 
emulsions  for  bremsstrahlung  with  peak  energies  from  20  to  30  MeV. 
However,  the  range  of  nuclides  for  which  these  measurements  were 
made  is  limited.  These  measurements  demonstrated  the  general  fea- 
tures of  the  photoneutron  spectrum  which  were  later  confirmed  in 
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Table  6 — Comparison  of  level  density  parameters 


Target 

MeV 

a 

MeV"1 

T 
MeV 

Eb 
MeV 

0* 
Degrees 

Reference 

238JJ 

5.-16. 

0.33  ±  .03b 

90 

Glazunov  et  al.  1964 

209Bi 

7.5-16. 

0.84  ±  .04 

90 

7.5-27. 

9.0  ±  1.0 

1.03 

4ir 

Rarrpft  pt  nl    1  Q7^ 

12.-14. 

11.5  ±  0.8 

0.85  ±  .02 

4.0 

4tt 

Mutchler  1966 

13.-15. 

13.6  ±  0.9 

0.81  ±  .02 

3.5 

4tt 

Pb 

7.4-16. 

0.98  ±  .04 

90 

frla7iinov  pt  nl  1QR4 

7.4-27. 

7.5  ±  1.5 

1.2 

47T 

Barrett  et  al.  1973 

208pb 

12.-14. 

9.8  ±  1.0 

0.94  ±  .06 

5.0 

4tt 

Mutchler,  1966 

13.-15. 

7.7  ±  0.5 

1.2  ±  .04 

5.0 

4tt 

//  n 

207Pb 

12.-14. 

8.1  ±  1.0 

1.23  ±  .09 

4.0 

4tt 

n  n 

13.-15. 

10.3  ±  1.2 

0.97  ±  .06 

4.0 

4tt 

ii  ii 

206pb 

12.-14. 

8.3  ±  0.8 

1.25  ±  .09 

4.0 

4tt 

ii 

13.-15. 

8.4  ±  0.6 

1.14  ±  .06 

4.0 

4tt 

ii 

197Au 

8.1-27. 

17.5  ±  1.4 

1.19 

4tt 

Barrett  et  al,  1973 

12.-14. 

19.1  ±  2.8 

0.61  ±  .04 

3.5 

4tt 

Mutchler,  1966 

13.-15. 

18.0  ±  2.2 

0.66  ±  .03 

4.0 

4ir 

Pt 

7.4-16. 

0.48  ±  .03 

90 

Glazunov  et  al.,  1964 

W 

7.-27. 

27.0  ±  1.3 

0.50 

4x 

Barrett  et  al.,  1973 

13.-15. 

22.1  ±  1.9 

0.60  ±  .01 

3.5 

4tt 

Mutchler,  1966 

181Ta 

7.6-27. 

26.0  ±  1.3 

0.49 

4t 

Barrett  et  al.,  1973 

12.-14. 

25.4  ±  2.0 

0.54  ±  .02 

3.5 

4ir 

Mutchler,  1966 

13.-15. 

26.3  ±  2.3 

0.54  ±  .01 

3.2 

4tt 

Er 

7.5-27. 

19.2  ±  ? 

4tt 

Barrett  et  al.,  1973 

13.-15. 

20.2  ±  2.0 

0.62  ±  .03 

4.0 

4tt 

Mutchler,  1966 

165Ho 

8.0-27. 

21.4  ±  1.4 

0.56 

4tt 

Barrett  et  al.,  1973 

13.-15. 

22.8  ±  4.2 

0.60  ±  .04 

3.0 

4tt 

Mutchler,  1966 

141pr 

9.4-27. 

17.0  ±  1.4 

0.65 

4tt 

Barrett  et  al.,  1973 

13.-15. 

17.1  ±  2.6 

0.66  ±  .05 

3.0 

4tt 

Mutchler,  1966 

La 

8.8-27. 

15.5  ±  0.8 

0.72 

4tt 

Barrett  et  al,  1973 

13.-15. 

13.4  ±  0.7 

0.77  ±  .03 

3.5 

47T 

Mutchler,  1966 

127j 

9.1-27. 

17.0  ±  1.5 

0.70 

4tt 

Barrett  et  al,  1973 

3.-15. 

15.9  ±  0.9 

0.68  ±  .01 

3.0 

4tt 

Mutchler,  1966 

Sn 

8.8-27. 

14.5  ±  1.4 

0.73 

4tt 

Barrett  et  al,  1973 

13.-15. 

14.5  ±  1.0 

0.66  ±  .01 

3.3 

4tt 

Mutchler,  1966 

In 

9.0-27. 

17.0  ±  1.4 

0.57 

4tt 

Barrett  et  al,  1973 

13.-15. 

16.9  ±  2.1 

0.67  ±  .02 

2.8 

4tt 

Mutchler,  1966 

a  The  angle  with  respect  to  the  photom  beam  direction  at  which  photoneutrons  were 
observed.  The  notation  47r  indicates  that  the  experiment  integrated  over  all  outgoing 
neutron  emission  angles. 

b  T2,  temperature  for  fission  spectrum,  is  1.05  ±  .04  MeV. 


considerable  detail  by  the  time-of-flight  measurements  (Bertozzi  et 
al,  1958;  Glazunov  et  al,  1964;  Mutchler,  1966;  Kuchnir  et  al,  1967). 

Where  no  data  exist,  the  photoneutron  spectrum  can  be  approxi- 
mated by  assuming  that,  for  a  monoenergetic  photon,  Ey,  it  is  given 
by  an  evaporation  spectrum  described  by  equation  10  with  the  value 
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of  the  constant,  a,  taken  from  Figure  20,  plus  a  discrete  peak  at  an 
energy,  En  =  Ey  —  Sn,  containing  12  percent  of  the  neutrons  in  the 
evaporation  spectrum.  If  the  photon  energy  is  above  the  (7,  2n) 
separation  energy,  the  spectrum  of  second  neutrons  should  be  obtained 
by  summing  evaporation  spectra  calculated  using  the  probability  that 
the  daughter  nuclide  (A  —  1,  Z)  is  left  at  an  excitation  energy  given 
by  the  spectrum  of  neutrons  emitted  by  the  target  nuclide  (A,  Z). 
There  should  be  no  direct-neutron  component  in  the  second-neutron 
spectrum.  The  two  spectra  should  be  summed  after  being  normalized, 
respectively,  to  the  magnitude  of  the  (7,  In)  and  (7,  2n)  cross  sections 
at  Ey.  The  spectrum  of  neutrons  produced  by  a  bremsstrahlung  spec- 
trum with  a  maximum  energy  Eh  is  then  given  by  summing  (integrating 
over  photon  energy)  the  spectrum  produced  at  each  photon  energy 
weighted  with  the  bremsstrahlung  spectrum,  B(Ey,  Eh)/Ey,  (see,  e.g., 
Penfold  and  Leiss,  1958).  Because  of  the  assumption  that  the  direct- 
neutron  spectrum  consists  of  ground- state  neutrons  only,  the  resulting 
spectrum  errs  on  the  side  of  having  somewhat  higher-energy  neutrons 
than  will  be  found  in  a  measured  spectrum. 


2.2    Transport  of  Neutrons  in  Accelerator  Head 

2.2.1    Effects  on  Neutron  Spectra 

The  typical  medical  accelerator  has  massive  photon  shielding  around 
the  target  which,  when  the  accelerator  is  energized,  serves  to  produce 
a  collimated  beam  of  x  rays.  Neutrons  produced  inside  the  head  are 
approximately  isotropic  and  penetrate  the  shielding  in  all  directions. 
The  photon  shielding  material  is  usually  some  heavy  metal  such  as 
tungsten  or  lead;  the  head  also  contains  a  certain  amount  of  iron  and 
copper  in  bending  magnets.  These  materials  provide  good  photon 
shielding  since  they  are  all  heavy  elements.  The  only  significant 
mechanisms  of  neutron  energy  loss  in  these  heavy  elements  are  in- 
elastic scattering  and  (n,  2n)  reactions.  The  neutron  interaction  cross 
sections  of  W  and  Pb  are  illustrated  in  Figures  21  and  22,  respectively 
(Howerton  1958). 1  Shown  are  the  inelastic  (<7n,n')  and  elastic  (ae\) 
scattering  cross  sections  and  the  <rn,2n  cross  section.  In  the  energy 
region  of  Figures  21  and  22  (the  region  of  interest  for  medical  electron 
accelerators)  the  sum  of  the  inelastic  and  (n,  2n)  cross  sections  is 
called  the  nonelastic  (<rnon)  cross  section.  It  can  be  seen  that  the 

1  These  cross  sections  are  chosen  for  illustrative  purposes.  When  the  best  cross 
sections  are  desired,  the  latest  compilation  (BNL,  1979)  should  be  used. 
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Fig.  21.  Neutron  interaction  cross  sections  in  natural  tungsten  as  a  function  of 
neutron  energy.  These  are  adapted  and  simplified  from  Howerton,  1958. 
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Fig.  22.  Neutron  interaction  cross  sections  in  natural  lead  as  a  function  of  neutron 
energy.  These  are  adapted  and  simplified  from  Howerton,  1958. 


inelastic  scattering  dominates  energy  losses  at  lower  energies  and  that 
the  (n,  2n)  reactions  dominate  at  higher  energies.  Inelastic  scattering 
can  occur  only  at  energies  above  the  lowest  excited  state  of  the 
shielding  material  (see  Table  7).  Tungsten  is  considerably  more  effec- 
tive than  lead  in  reducing  neutron  energy  even  though  the  nonelastic 
cross  sections  are  almost  the  same  since  (a)  W  has  1.9  times  more 
atoms  cm"3,  and  (b)  inelastic  scattering  in  W  extends  to  much  lower 
energies.  Below  0.57  MeV,  Pb  is  virtually  transparent  to  neutrons. 

The  energy  loss  in  any  inelastic  collision  cannot  be  determined  or 
predicted  exactly,  but  there  is  a  minimum  energy  loss  which  equals 
the  energy  of  the  lowest  excited  state.  Often  there  is  a  large  energy 
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Table  7 — Inelastic  scattering  thresholds 

Element 

Atomic 
Mass 
Number 

Abundance 

% 

1st  Excited 
State  (MeV) 

Pb 

206 

25.1 

0.803 

207 

21.7 

0.570 

208 

52.3 

2.61 

Fe 

54 

5.8 

1.41 

56 

91.7 

0.847 

W 

182 

26.4 

0.100 

183 

14.4 

0.047 

184 

30.6 

0.111 

186 

28.4 

0.123 

loss  in  a  single  collision,  resulting  in  excitation  of  energy  states  above 
the  ground  state  followed  by  a  cascade  of  gamma  rays.  In  the  (n,  2n) 
reaction,  the  minimum  energy  loss  is  equal  to  the  binding  energy  of  a 
neutron,  and,  since  the  energies  of  the  two  emerging  neutrons  tend  to 
be  similar,  this  reaction  produces  large  numbers  of  low  energy  neu- 
trons. The  sum  of  the  inelastic  and  (n,  2n)  cross  sections  is  of  the 
order  of  1  or  2  barns  for  these  materials,  i.e.,  Pb,  Fe  and  W.  Therefore, 
a  typical  neutron  penetrating  the  photon  shielding  material  undergoes 
several  collisions.  In  addition,  a  large  amount  of  elastic  scattering 
takes  place  in  these  materials  at  these  energies.  The  elastic  scattering 
results  in  negligible  energy  loss  but  has  the  effect  of  increasing  the 
path  length  of  the  neutrons  in  the  shielding  material  and  offering 
greater  opportunity  for  the  inelastic  and  (n,  2n)  reactions  to  occur. 

The  shielding  and  geometry  of  the  head  of  medical  accelerators  are 
very  complicated.  Since  the  head  contains  many  moving  and  fixed 
devices,  the  shielding  is  never  a  solid  sphere  or  cube  or  any  other 
simple  geometric  configuration.  Figure  23  is  a  schematic  drawing  of  a 
typical  therapy  head  for  a  medical  accelerator.  Since  the  shielding  is 
designed  primarily  for  photons,  which  are  emitted  predominantly  in 
the  forward  direction,  the  shielding  tends  to  be  much  thicker  and 
heavier  in  this  direction  than  in  the  other  directions.  This  is  not  the 
distribution  of  shielding  material  appropriate  for  the  neutrons,  which 
are  emitted  nearly  isotropically.  The  neutrons,  however,  are  scattered 
so  many  times  in  the  head  that  the  head  shielding  may  be  approxi- 
mated as  a  hollow  sphere,  with  a  wall  thickness  up  to  about  10  cm  if 
tungsten  is  used  and  up  to  about  15  cm  if  lead  is  used  as  the  shielding 
material.  Usually,  the  shielding  will  be  a  mixture  of  these  two  mate- 
rials. It  is  not  safe  to  assume  that  different  models  of  the  same 
accelerator  have  identical  head  shielding,  since  the  increasing  price  of 
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Fig.  23.  Schematic  drawing  of  a  typical  therapy  head  for  a  medical  electron 
accelerator. 

tungsten  seems  to  be  causing  manufacturers  to  shift  away  from  tung- 
sten and  toward  the  use  of  lead. 

It  is  frequently  stated  that  the  photoneutron  spectrum  from  ma- 
chines in  the  medical  accelerator  energy  range  resembles  the  fission 
spectrum.  Figure  24  shows  that  this  is  true  for  the  primary  neutron 
spectra  (NCRP,  1964).  These  spectra  are,  however,  quite  different 
after  they  have  penetrated  the  head  shielding.  In  Figure  25  (McCall 
and  Swanson,  1979)  are  shown  the  measured  integral  photoneutron 
spectra  for  15  MeV  electrons  striking  tungsten  and  for  252Cf  fission 
neutrons.  The  same  figure  includes  the  spectrum  calculated  by  the 
Monte  Carlo  code  MORSE  (Straker  et  a/.,  1970;  1976)  from  15  MeV 
electrons  bombarding  tungsten  after  the  neutrons  have  penetrated  10 
cm  of  tungsten.  (The  notation  "15  MeV  W  PN"  is  used  to  designate 
the  photoneutron  spectrum  from  15  MeV  electrons  incident  on  a  W 
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Fig.  24.  Photoneutron  spectra  for  tantalum  with  peak  bremsstrahlung  energies  of 
20  and  30  MeV.  A  fission  neutron  spectrum  is  shown  for  comparison  (NCRP,  1964). 


target).  It  is  clear  that  the  spectrum  is  very  different  after  penetrating 
the  10  cm  of  tungsten.  In  particular,  if  neutron  fluence  from  a  15  MeV 
medical  accelerator  is  measured  by  use  of  a  threshold  detector  cali- 
brated with  a  bare  252Cf  source,  the  results  will  be  significantly  in  error 
unless  a  correction  is  made  for  the  changed  spectrum.  Also  shown  in 
Figure  25  is  the  further  degradation,  due  to  the  concrete  room  in  which 
medical  accelerators  are  commonly  located,  when  the  detector  is  1 
meter  from  the  source.  This  will  be  discussed  in  a  later  section.  In 
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Figure  26,  similar  results  are  shown  for  25  MeV  electrons  incident  on 
Pb  and  shielding  with  15  cm  of  Pb. 

Another  way  of  looking  at  the  effects  of  the  heavy  metal  head 
shielding  on  the  spectrum  of  the  neutrons  is  to  consider  the  effect  on 
the  average  energy  of  the  spectrum.  By  average  energy  is  meant  the 
true  average,  i.e.,  the  total  neutron  energy  divided  by  the  total  number 
of  neutrons.  Figures  27  and  28  show  the  effect  of  spherical  shields  of 
lead  and  tungsten  around  three  different  neutron  sources  (McCall  et 
al.,  1979).  It  can  be  seen  that  the  average  energy  drops  off  almost 
exponentially  with  increasing  shield  thickness.  The  slope  of  this 
exponential  decrease  is  much  steeper  for  tungsten  than  for  lead  and 
the  slope  gets  steeper  with  increasing  spectral  energy.  Since  these 
materials  become  very  transparent  to  neutrons  with  energy  below  that 
of  the  first  excited  state  of  the  nucleus,  it  is  clear  that  this  exponential 
decrease  will  eventually  begin  to  level  off  and  that  the  average  energy 
will  remain  almost  constant  for  transmission  through  further  thick- 


£  (MeV) 

Fig.  25.  Integral  photoneutron  spectrum  for  15  MeV  electrons  striking  a  tungsten 
target  (designated  15  MeV  W  PN  bare).  A  fission  spectrum  (252Cf)  is  shown  for 
comparison.  Also  shown  are  the  spectra  obtained  when  10  cm  of  tungsten  shielding 
surrounds  the  tungsten  target  and  when  this  assembly  is  placed  in  a  concrete  room 
(McCall  and  Swanson,  1979). 
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Fig.  26.  Integral  photoneutron  spectrum  for  25  MeV  electrons  striking  a  lead 
target.  A  fission  spectrum  (252Cf)  is  shown  for  comparison.  Also  shown  are  the  spectra 
obtained  when  15  cm  of  lead  surround  the  lead  target  and  when  the  assembly  is  placed 
in  a  concrete  room  (McCall,  1979). 

nesses  of  lead  or  tungsten.  However,  for  the  thicknesses  encountered 
in  medical  accelerators,  the  exponential  decrease  is  a  reasonable 
approximation.  A  condensed  method  of  showing  the  magnitude  of 
these  exponential  decreases  in  average  energy  is  given  in  Figure  29, 
where  a  half-energy  layer  (HEL)  is  defined  analogous  to  a  half-value 
layer  in  shielding  work.  It  is  that  thickness  of  material  which  decreases 
the  average  energy  by  a  factor  of  two  (McCall  et  al,  1979).  The  spectra 
used  for  calculations  of  the  half-energy  layers  for  Figures  28  to  30  are 
listed  in  Table  8.  The  average  energies  are  those  for  the  initial 
undegraded  spectra. 

2.2.2    Neutron  Fluence  Attenuation 

Since  capture  cross  sections  for  the  heavy  metals  are  small  except 
at  thermal  neutron  energies,  there  is  little  attenuation  of  neutron 
fluence  in  the  accelerator  head.  In  a  machine  with  all-tungsten  shield- 
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Fig.  27.    The  average  energy  of  various  neutron  spectra  as  a  function  of  the 
thickness  of  a  spherical  shell  shield  of  lead  surrounding  the  source  (McCall  et  al,  1979). 


ing,  as  much  as  15%  of  the  fluence  might  be  absorbed,  but  in  a  lead- 
shielded  machine  there  would  be  essentially  zero  attenuation.  There 
may,  in  fact,  be  a  small  buildup  of  neutron  fluence  due  to  the  multi- 
plying effect  of  (n,  2n)  reactions.  In  at  least  one  of  the  newer  commer- 
cial machines,  the  manufacturers  have  added  borated  hydrogenous 
shielding  outside  the  photon  shielding,  and  this  additional  shielding 
provides  a  considerable  attenuation  of  neutron  fluence.  Each  machine 
must  be  considered  individually  when  calculating  fluence  attenuation 
since  older  and  newer  versions,  even  of  the  same  model,  may  not  be 
alike.  One  difference  between  neutron-head-leakage  and  photon-head- 
leakage  should  be  noted.  For  photons,  the  attenuation  of  the  shield  is 
high  and  a  small  hole  in  the  shielding  may  create  a  very  narrow  beam 
of  photon  radiation  which  is  intense  compared  to  the  average  level  of 
photon  fluence.  For  neutrons,  however,  the  attenuation  is  quite  low 
and  even  a  gap  in  the  shielding  will  not  significantly  increase  the 
fluence  in  that  direction.  This  is  fortunate,  perhaps,  since  it  is  difficult 
to  measure  beams  of  about  1  cm2  area  with  neutron  detectors,  which 
typically  have  large  dimensions. 
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Fig.  28.  The  average  energy  of  various  neutron  spectra  as  a  function  of  the 
thickness  of  a  spherical  shell  shield  of  tungsten  surrounding  the  source  (McCall  et  al, 
1979). 

Table  8— Spectra  used  in  Figures  28,  29,  and  30 


Spectra  Average  Neutron  Energy  (MeV) 


10  MeV  W  PN 

0.65 

15  MeV  W  PN 

1.8 

25  MeV  W  PN 

2.2 

25  MeV  Pb  PN 

2.3 

252Cf 

2.15 

Artificial 

3.8 

Pu  (a,  n)  Be 

4.4 

Monoenergetic  neutrons 

1.5 

Monoenergetic  neutrons 

6 

Monoenergetic  neutrons 

8 

Monoenergetic  neutrons 

10 

2.2.3   Absorbed  Dose  and  Dose  Equivalent  Attenuation 

While  the  heavy  metals  do  not  attenuate  neutron  fluence  signifi- 
cantly, they  do  reduce  the  absorbed  dose  or  the  dose  equivalent  to  the 
patient  because  they  cause  a  decrease  in  the  energy  of  the  neutrons. 
There  have  been  many  mistakes  made  in  calculating  the  attenuation 
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Fig.  29.  The  thickness  of  a  spherical  shell  shield  required  to  reduce  the  average 
energy  of  a  neutron  spectrum  by  one-half  as  a  function  of  the  unshielded  average  energy 
of  the  spectrum.  Data  are  given  for  iron,  lead  and  tungsten  (McCall  et  al.,  1979).  The 
spectra  used  are  identified  in  Table  8. 

of  neutrons  by  heavy  metal  shields.  One  common  mistake  is  to  use  the 
macroscopic  neutron  removal  cross  sections  as  listed,  for  example,  in 
Appendix  E  of  NCRP  Report  No.  38  (NCRP,  1971).  As  pointed  out 
in  NCRP  Report  No.  38,  these  cross  sections  can  be  used  only  if  the 
heavy  metal  shield  is  followed  by  an  adequate  amount  of  hydrogenous 
shielding.  Another  common  mistake  is  to  use  measured  or  calculated 
attenuation  coefficients  for  slab  shields  in  a  situation  where  the 
shielding  is  more  nearly  a  spherical  shield  around  the  source.  In  a 
slab-shield  geometry,  any  neutron  that  is  scattered  is  often  effectively 
lost.  Basically,  a  broad-beam  slab  geometry  is  intermediate  between  a 
narrow-beam  slab  geometry  and  the  spherical-shell  geometry.  The 
photon  shielding  of  medical  accelerator  heads  is  most  nearly  like  a 
spherical  shell;  therefore,  in  this  section,  measured  and  calculated 
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Fig.  30.  The  dose-equivalent  transmission  for  spherical  shell  shields  for  a  252Cf 
fission  spectrum.  Data  are  given  for  lead,  tungsten  and  iron  with  source  and  detector  at 
a  constant  distance  (McCall  et  ai,  1979). 


attenuation  values  for  spherical  shields  around  the  source  have  been 
used.  In  Figure  30  the  calculated  absorbed  dose  and  dose  equivalent 
transmission  are  shown  for  Fe,  Pb  and  W  for  the  252Cf  neutron 
spectrum  (McCall,  1979). 2  A  calculation  using  a  photoneutron  spec- 
trum from  15  MeV  electrons  on  tungsten  would  have  given  points 
indistinguishable  from  those  in  Figure  30.  McCall  et  al,  (1979)  have 
described  a  method  of  calculating  dose  equivalent  attenuation  in 
situations  where  there  are  no  Monte  Carlo  calculations  available.  In 
the  course  of  their  work,  they  found  a  relationship  between  the  average 
energy  of  a  neutron  spectrum  and  the  factor  for  conversion  of  fluence 
to  dose  equivalent.  This  empirical  relationship  is  shown  in  Figure  31a. 
The  data  can  be  fitted  quite  well  to  a  straight  line  which  is  above  and 
almost  parallel  to  the  line  drawn  through  the  fluence  to  dose  equivalent 
conversion  factors  for  monoenergetic  neutrons  given  in  ICRP-21 

2  The  accuracy  of  the  neutron  cross  sections  for  iron  has  been  questioned  (Hertel  et 
al,  1979).  The  transmission  for  iron  may  be  significantly  higher  than  that  shown  in 
Figure  31. 


0.01  0.1  I  10 

£  or  £  (MeV) 


Fig.  31a.  Fluence-to-dose  equivalent  conversion  factors  as  a  function  of  average 
neutron  energy.  The  points  are  results  of  many  different  neutron  spectra  and  shielding 
situations  (McCall  et  ai,  1979).  The  dashed  line  is  a  least  squares  fit  to  the  points.  Also 
shown  is  the  fluence  to  dose  equivalent  conversion  factor  for  monoenergetic  neutrons 
as  given  in  ICRP  Publication  21  (ICRP,  1973). 

Fig.  31b.  Fluence-to-absorbed  dose  conversion  factors  as  a  function  of  average 
neutron  energy. 
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(1973).  A  similar  relationship  was  found  between  the  average  energy 
and  the  factor  for  conversion  of  fluence  to  absorbed  dose  and  is  shown 
in  Figure  31b.  With  this  relationship  and  the  half-energy  layers  shown 
in  Figure  29,  the  dose  equivalent  transmission  in  a  simple  iron,  lead, 
or  tungsten  shielding  system  can  be  calculated.  As  will  be  shown 
below,  the  effect  of  a  concrete  room  can  also  be  taken  into  account. 
An  example  is  provided  later,  at  the  end  of  Section  2.3.1,  which  will 
illustrate  how  to  use  these  figures  for  practical  calculations. 


2.3    Transport  of  Neutrons  in  a  Concrete  Room 


2.3.1    Effect  on  Spectra 

The  effects  of  a  concrete  room  on  the  neutron  spectrum  have  been 
examined  by  only  a  few  investigators.  McCall  et  al,  (1979)  investigated 
this  problem  by  using  the  Monte  Carlo  code  MORSE.  The  Monte 
Carlo  calculations  showed  the  effects  of  the  concrete  room  on  the 
spectrum  as  illustrated  in  Figures  25  and  26.  There  is  a  large  increase 
in  the  number  of  low-energy  neutrons  which  are  scattered  back  out  of 
the  walls.  The  Monte  Carlo  method  is  not  available  to  everyone; 
therefore  a  "cookbook"  method  was  developed  to  take  into  account 
the  neutron  scattering  in  a  concrete  room  (McCall  et  ai,  1979).  The 
"cookbook"  method  is  based  on  empirical  relationships  obtained  from 
the  results  of  many  Monte  Carlo  calculations,  one  of  which  is  shown 
in  Figure  30.  First,  it  was  found  that  the  neutron  field  could  always  be 
described  as  the  sum  of  the  neutrons  coming  directly  from  the  source 
and  a  component  scattered  from  the  walls.  The  direct  component,  0dir> 
follows  the  inverse  square  law.  The  scattered  component  was  found  to 
be  constant  throughout  the  room  and  the  scattered  fluence,  0SC,  was 
determined  from  a  relationship  similar  to  that  discovered  earlier  for 
thermal  neutrons  (Patterson  and  Wallace,  1958),  i.e., 

0SC  =  5.4^,  (12) 

where  Q  is  the  number  of  fast  neutrons, 

S  is  the  inside  surface  area  of  the  room  in  cm2,  and 
a  is  a  constant  for  a  given  accelerator  (see  below). 
Eisenhauer  et  ai  (1982)  arrived  at  the  same  relationship  for  spherical 
rooms  using  an  analytic  approach  and  experimental  albedos.  Their 
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value  was  5.6  instead  of  5.4  as  above.  They  also  found  experimentally 
that  the  relationship  held  for  rectangular  rooms.  They  were  able  to 
deduce  that  the  typical  neutron  makes  ~  2.4  traversals  of  the  room 
before  it  is  captured  or  its  energy  falls  below  the  cadmium  cut-off 
energy. 

The  value  of  "a"  in  equation  12  is  0.85  for  an  all-W-shielded  machine 
and  1.0  for  an  all-Pb-shielded  machine,  and  is  simply  the  fractional 
fluence  transmission  of  the  head  shielding.  The  total  epithermal,  i.e., 
all  neutrons  with  energy  greater  than  the  cadmium  cut-off,  0.41  eV, 
fluence,  0,  can  then  be  given  by 

aQ  aQ 

<t>  =  0dir  +  0sc  =  ~T%2  +  5.4  -f,  (13) 

where  R  is  the  distance  from  the  source  to  the  detector  in  cm. 

It  was  also  found  that  the  average  energy  of  the  scattered  component 
is  related  to  the  average  energy  of  the  direct  component  as  shown  in 
Figure  32.  For  the  range  of  energies  of  interest  in  medical  accelerators, 
the  relationship  is  adequately  represented  by  Esc  =  0.24  EdiT.  Then  the 
average  energy  {E)  of  the  total  spectrum  can  be  given  by 


0      0.2      0.4     0.6     0.8       1.0  1.2 
Esc  (MeV) 

Fig.  32.  The  relationship  between  the  average  energy  of  a  primary  neutron  spec- 
trum and  the  scattered  neutron  spectrum  from  the  walls  of  a  concrete  room  containing 
that  spectrum  (McCall  et  al,  1979). 
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To  use  the  "cookbook"  method,  one  then  proceeds  as  follows: 

1.  The  epithermal  fluence  (0)  is  measured  at  the  desired  points, 
e.g.,  with  moderated  activation  foils. 

2.  The  average  energy  of  the  primary  neutrons,  (E0),  is  determined 
by  reference  to  the  literature  or  with  values  taken  from  Table  8. 

3.  The  average  energy  of  the  direct  component  is  determined  from 
E0,  the  value  of  the  HEL  from  Figure  29  and  the  number  of 
HEL's  in  the  head  shielding. 

4.  S  is  calculated  from  the  room  dimensions. 

5.  E  is  calculated  from  equation  (14)  for  each  measured  point. 

6.  The  measured  fluence  is  converted  to  dose  equivalent,  or  absorbed 
dose,  by  use  of  Figure  31a  or  31b,  respectively. 

7.  Thermal  fluence  is  measured  separately,  converted  to  dose  equiv- 
alent or  absorbed  dose,  and  added  to  the  above  result  to  obtain 
total  dose  equivalent  or  absorbed  dose.  Thermal  fluence  is  also 
constant  throughout  the  room. 

The  "cookbook"  method  gives  results  that  agree  with  Monte  Carlo 
calculations  to  within  ±10%. 

It  may  be  instructive  to  illustrate  such  a  calculation  by  an  example. 
Assume  that  there  is  a  15  MeV  accelerator  with  tungsten  shielding  in 
the  room  illustrated  in  Figure  2a.  At  a  point  in  the  patient  plane  two 
meters  from  the  isocenter,  an  epithermal  fluence  is  measured  of  6.4  X 
103  n/cm2  per  photon  rad  at  the  isocenter.  By  examination  of  the  head 
shielding  of  the  accelerator  it  is  estimated  that  the  head  shielding  can 
be  approximated  by  10  cm  of  W.  From  Table  8,  EQ  is  1.8  MeV  and 
from  Figure  29  the  HEL  =  7.5  cm.  Edit  can  be  calculated  by  1.8  X 
(i/2)  10/7.5  _  o.7i  MeV.  The  inside  surface  area  of  the  room  is  calculated 
as  1.6  X  106  cm2  if  the  ceiling  is  3.3  m  high  and  the  maze  opening  is 
treated  as  if  it  were  a  wall.  The  value  R2  in  equation  14  is  1002  +  2002 
=  5  X  104  cm2  if  the  distance  from  target  to  isocenter  is  the  usual  1  m. 
Equation  14  can  then  be  used  to  calculate  that  E  is  0.34  MeV.  The 
conversion  factor  for  a  neutron  spectrum  with  this  average  energy  is 
9.7  X  107  n/(cm2-rem)  from  Figure  31.  The  measured  fluence  is  then 
interpreted  as  6.4  X  103/9.7  X  107  =  0.066  mrem  per  photon  rad. 

2.3.2    Spatial  Distribution  of  Fluence,  Absorbed  Dose  and  Dose 
Equivalent 

It  has  been  shown  (Patterson  and  Wallace,  1958;  McCall  et  al  1979) 
that,  for  a  fast-neutron  source,  the  thermal  and  scattered  fast-neutron 
fluences  are  essentially  constant  throughout  a  concrete  room.  The 
shape  of  the  room  is  not  very  critical  in  this  respect  although  extremely 
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long  narrow  rooms  can  cause  problems.  Fortunately,  the  typical  room 
used  for  medical  accelerators  is  close  enough  to  being  cubical  that  this 
is  a  good  approximation.  The  neutron  fluence  at  any  point  in  the 
room,  then,  is  composed  of  scattered  but  fast  neutrons  from  the  walls 
with  a  spectrum  which  is  constant  throughout  the  room;  a  thermal 
component  which  is  constant  throughout  the  room;  and  a  fast  and 
possibly  a  thermal  contribution,  coming  directly  from  the  accelerator 
head,  which  will  follow  the  inverse  square  law.  It  is  clear,  then,  that 
the  fluence  measured  as  a  function  of  the  distance  from  the  accelerator 
head  will  always  drop  off  more  slowly  than  the  inverse  square  law 
would  predict.  The  thermal  and  scattered  contributions  are  lower  in 
energy  than  the  direct  component  and  contribute  less  per  neutron  to 
the  absorbed  dose  and  the  dose  equivalent.  Thus,  the  absorbed  dose 
and  dose  equivalent  will  drop  off  more  rapidly  than  the  fluence  as  a 
function  of  the  distance  from  the  therapy  head,  but  more  slowly  than 
the  inverse  square  law  would  predict. 

The  "cookbook"  approach  of  McCall  et  al,  (1979)  can  be  used  to 
calculate  the  distribution  of  fluence  and  dose  equivalent  in  a  therapy 
room.  Another  method  of  calculating  the  distribution  of  the  fluence 
within  the  room  is  to  use  an  extension  of  the  method  developed  by 
Eisenhauer  (1965),  which  was  originally  applied  to  a  point  source  and 
a  plane  scattering  surface  such  as  concrete.  In  this  method,  the 
scattered  neutron  component  is  described  by  an  image  source,  whose 
position  is  given  in  a  manner  analogous  to  specular  reflection,  and 
whose  intensity  is  given  by  an  albedo.  If  this  method  is  extended  to 
the  six  sides  of  a  concrete  room,  the  scattered  component  will  be 
underestimated.  If  the  second  order  term,  i.e.,  the  reflection  of  the 
image  sources,  is  then  calculated,  and  this  term  added,  a  much  better 
approximation  of  the  scattered  component  is  obtained.  What  is  really 
desired  is  an  infinite  series  of  reflections  as  obtained  with  parallel 
mirrors.  Eisenhauer  et  al,  (1982)  have  shown  that  this  can  be  accom- 
plished by  replacing  the  albedo  a  by  a/(l-a).  If  this  is  done,  excellent 
agreement  with  the  MORSE  Monte  Carlo  calculations  can  be  ob- 
tained. It  should  be  noted  that  there  are  many  kinds  of  albedos  and 
the  one  to  be  used  depends  on  exactly  what  is  to  be  calculated.  For  a 
good  discussion  of  albedos  see  Selph  (1973). 


2.3.3   Room  Shielding 

Most  radiotherapy  accelerators  are  installed  in  concrete  rooms  to 
shield  the  outside  world  against  radiation  from  the  accelerator.  There 
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are  various  components  of  radiation  from  the  accelerator  which  have 
to  be  absorbed,  such  as  leakage  photons,  direct-beam  photons,  and 
scattered  photons.  In  addition,  there  are  neutrons.  The  sum  of  these 
four  components  comprises  the  source  term  to  be  used  in  calculating 
the  room  shielding.  This  report  concerns  itself  with  the  neutron 
contribution. 

In  calculating  the  neutron  shielding,  there  is  a  complication  in  that 
most  of  the  neutron  dose  equivalent  attenuation  data  in  the  literature 
are  for  a  slab  shield  geometry  with  either  a  point  source  or  parallel 
beam  of  neutrons.  Unfortunately,  this  shielding  situation  is  rarely 
encountered  in  practice,  where  the  following  are  more  common: 

1.  An  approximate  point  source  of  neutrons  surrounded  on  all  sides 
by  the  shield  whose  thickness  is  to  be  determined. 

2.  A  neutron  source  or  a  scattered  neutron  field  at  one  end  of  a 
concrete  passage,  with  a  shielding  door  to  be  designed  for  the 
other  end. 

3.  A  distribution  of  point  sources  in  a  long  line  or  large  circle  with 
shielding  on  all  sides,  such  as  an  accelerator.  Thus,  the  source 
appears  to  be  a  line  source. 

The  attenuation  of  the  slab  shield  is  greater  than  that  for  these  three 
configurations,  because  almost  any  scattering  event  will  direct  the 
neutrons  away  from  the  detector.  In  other  words,  this  is  closer  to  being 
a  "good  geometry"  than  the  above  situations.  The  attenuation  would 
be  least  in  Case  1  above.  Attenuation  data  for  slab  shields  could  be 
used  for  Cases  1  and  2  if  a  method  were  known  to  account  for 
backscatter  from  the  other  5  walls. 

A  second  complication  is  that  most  of  the  published  attenuation 
data  apply  to  monoenergetic  neutrons,  whereas  continuous  spectra  are 
encountered  in  practice.  Calculations  have  been  made  with  the  Monte 
Carlo  code  MORSE  (McCall,  1979)  for  continuous  neutron  spectra 
with  the  geometry  of  Case  1  (spherical-shell  shielding).  A  plot  of  the 
dose  equivalent  tenth-value  layer  (TVL)  versus  the  average  energy, 
of  the  spectra  (2£dir  —  E0  if  there  is  no  metal  shielding  around  it) 
is  shown  in  Figure  33.  Also  shown  is  a  least  squares  fit  to  the  calculated 
points.  These  are  straight  lines  given  by  the  equations  TVL  =  15.5  + 
5.6  EdiT  cm  for  concrete,  and  TVL  =  6.2  +  3.4  EdiTcm  for  polyethylene. 
These  values  should  provide  a  good  approximation  for  shielding  of 
neutrons  from  medical  accelerators.  The  bottom  line  in  Figure  33  is 
for  monoenergetic  neutrons.  These  curves  illustrate  that  the  common 
practice  of  using  shielding  data  for  monoenergetic  neutrons,  at  the 
average  energy  of  the  continuous  spectrum,  is  neither  correct  nor 
conservative.  For  comparison,  NCRP  Report  No.  51  gives  the  tenth 
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Fig.  33.  The  dose-equivalent  tenth- value  layer  (TVL)  for  spherical  shell  shielding 
as  a  function  of  the  average  energy  of  the  neutron  source  (McCall,  1979).  The  lines  are 
least-squares  fits  to  the  calculated  points. 


value  layer  of  neutrons3  produced  by  16  MeV  electrons  striking  a 
platinum  target  as  58  g/cm2  or  25  cm  in  normal  concrete  (NCRP, 
1977).  This  neutron  spectrum  would  have  an  average  energy  of  about 
1.9  MeV,  and,  from  Figure  33,  the  tenth- value  layer  would  be  about 
26  cm.  Had  this  comparison  been  made  with  the  TVL  for  monoener- 
getic  neutrons  of  1.9  MeV,  the  agreement  would  have  been  poor.  It 
should  be  noted  that  in  Figure  33,  Figure  36,  and  elsewhere  in  this 
report,  where  MORSE  has  been  used  to  calculate  shielding  values, 
gamma-ray  doses  are  not  included.  For  shield  thicknesses  of  two  TVL's 
or  more,  this  could  cause  the  calculated  dose  equivalent  to  be  too  low 
by  a  factor  of  two  or  more. 

Published  data  (e.g.,  Almond,  1979)  show  that  the  neutron  contri- 
bution to  the  absorbed  dose  at  1  m  from  the  target  can  be  as  much  as 
about  0.05%  of  that  due  to  the  useful  photon  beam.  If  a  quality  factor 
of  10  is  assumed,  this  contribution  could  be  as  much  as  0.5%,  i.e.,  5 
times  the  usual  photon  leakage  specification.  If  the  shielding  value  of 
concrete  for  photons  and  neutrons  is  examined,  it  is  found  that  the 

3  This  is  not  the  value  tabulated  in  NCRP  Report  No.  51,  but  is  taken  from  Figure 
F-8  and  is  valid  for  the  first  four  TVL's. 


52      /      2.    NEUTRON  PRODUCTION  AND  TRANSPORT 


photons  are  always  more  penetrating  than  the  neutrons  for  the  energy 
range  of  interest  here.  For  example,  in  Figure  E-12  of  NCRP  Report 
No.  51,  the  dose  equivalent  index  tenth- value  layer  for  x  rays  in 
concrete  varies  from  about  38  cm  at  10  MeV  to  47  cm  maximum  at 
higher  energies  (NCRP,  1977).  The  average  energy  EdiT  from  medical 
accelerators  would  never  be  much  above  1  MeV.  Figure  33  shows  that 
the  tenth- value  layer  for  the  neutrons  would  be  no  more  than  21  cm 
of  concrete.  Therefore,  even  if  we  consider  the  highest  energy  neutrons 
and  the  lowest  energy  x  rays,  for  each  x-ray  tenth- value  layer  (38  cm), 
the  neutrons  are  attenuated  by  a  factor  of  1038/21  =  65.  Since  practical 
therapy  rooms  need  concrete  walls  at  least  two  x-ray  tenth-value 
layers  thick,  adequate  concrete  shielding  for  the  photons  will  always 
be  adequate  for  the  neutrons  as  well. 

If  a  room  is  built  using  lead  or  iron  as  all  or  part  of  the  shielding, 
further  care  must  be  taken  since,  as  was  described  in  previous  sections, 
the  shielding  value  of  iron  or  lead  for  neutrons  is  very  poor.  The 
shielding  calculations  for  thermal  and  fast  neutrons  in  such  a  situation 
would  be  difficult.  Some  insight  into  the  amount  of  shielding  needed 
might  be  gained  from  the  papers  by  Dudziak  (1969)  or  Shure  et  al 
(1969).  These  authors  discuss  the  shielding  values  for  heavy  metals 
followed  by  a  thickness  of  polyethylene.  Since  the  value  of  the  poly- 
ethylene is  to  provide  hydrogen  to  moderate  and  capture  the  neutrons 
which  have  slowed  down  in  the  heavy  metal,  an  equivalent  thickness 
for  concrete  and  polyethylene  could  be  calculated  with  adequate  ac- 
curacy. 

2.3.4   Maze  Design 

Most  therapy  accelerator  rooms  are  designed  with  at  least  a  rudi- 
mentary maze  or  labyrinth;  this  avoids  the  use  of  massive  doors  which 
would  have  to  be  opened  and  closed  by  air  or  hydraulic  systems.  If  the 
maze  provides  sufficient  attenuation,  the  door  needs  to  provide  only 
radiation  security.  Often,  however,  there  is  not  space  for  a  good  maze, 
or  neutron  shielding  was  not  considered  during  its  design.  In  addition, 
old  accelerators  are  frequently  replaced  by  higher  energy  machines 
which  can  generate  neutrons,  but  no  significant  modification  of  the 
room  design  is  carried  out. 

Examples  of  maze  designs  are  shown  in  Figure  34.  Figure  34a  is  a 
poor  design  because  large  areas  directly  illuminated  by  neutrons  from 
the  accelerator  are  visible  from  the  door.  Thus,  neutrons  can  reach 
the  door  by  a  single  scatter  and  are  minimally  attenuated  in  both 
energy  and  intensity.  Figure  34b  is  an  example  of  a  good  maze  design. 
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Fig.  34.  Examples  of  maze  configurations  showing  (a)  a  poor  maze  design  and  (b) 
good  maze  design. 


In  this  configuration,  neutrons  must  scatter  at  least  twice  to  reach  the 
door.  The  same  goal  can  be  accomplished  by  a  second  bend  in  the 
maze,  but  more  area  and  more  concrete  would  be  required. 

There  have  been  many  studies  of  the  penetration  of  mazes  by 
neutrons  (Spencer  and  Diaz,  1964;  Spencer  et  al,  1964;  Song,  1965; 
Song,  et  a/.,  1971;  Maerker  and  Muckenthaler,  1967b;  Maerker  et  al., 
1968).  These  studies,  however,  were  directed  at  other  problems  which 
differ  in  one  or  more  of  the  following  respects  from  medical  accelerator 
problems. 

1.  Neutrons  were  incident  at  a  particular  angle  on  a  small  part  of 
one  wall  rather  than  at  various  angles  over  the  entire  maze 
entrance. 

2.  The  mazes  were  long  and  narrow  rather  than  being  short  and 
wide  as  found  in  therapy  rooms. 

3.  Incident  neutrons  were  of  much  higher  energy  than  in  the 
medical  accelerator  case. 
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4.  The  studies  were  designed  to  test  a  particular  computer  code 
which  may  not  be  generally  available. 

Thus,  it  is  not  at  all  clear  how  these  results  can  be  applied  to  the 
therapy-accelerator  problem.  In  addition,  very  few  published  results 
of  measurements  are  available  for  comparison.  The  albedo  methods 
are  simplest  but  would  usually  require  computer  calculations  for  proper 
applications.  However,  there  are  some  simpler  methods  in  the  litera- 
ture which  are  of  adequate  accuracy  for  shielding  design.  The  first  of 
these  methods  (Kersey,  1979)  appears  to  be  an  empirical  solution 
based  on  measurements  in  several  therapy  rooms.  Essentially,  the 
neutron  dose  equivalent  at  the  maze  entrance  is  calculated  based  on 
the  inverse  square  law  from  the  source.  The  attenuation  in  the  maze 
is  based  on  the  center-line  length  of  the  maze  and  a  value  of  5  m  of 
maze  length  to  reduce  the  dose  equivalent  by  a  factor  of  10. 

As  an  example  of  the  Kersey  method,  one  can  use  the  room  shown 
in  Figure  35.  Assume  that  the  neutron  head  leakage  has  been  measured 


Fig.  35.  A  typical  electron  therapy  accelerator  room  layout  with  an  inadequate 
maze.  Dashed  lines  at  A,  B,  and  C  illustrate  possible  methods  of  decreasing  the  radiation 
dose  at  the  door. 
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at  1  meter  and  found  to  be  0.5  mrem  per  useful  photon  rad  (0.05% 
leakage).  From  Figure  35,  the  distance  to  the  maze  entrance  (near  B) 
is  3.7  meters.  The  center-line  path  length  of  the  maze  is  also  3.7 
meters.  The  neutron  dose  equivalent  at  the  door  would  be  given  by 

0.5 

H  ~  o~^2 —  n3-7/5  =  ^  x  -^~3  mrem/photon  rad . 

It  should  be  noted  that  the  Kersey  method  gives  the  total  (thermal 
plus  fast)  neutron  dose  equivalent. 

The  second  of  these  simplified  methods  (McCall  et  al,  1980)  is  an 
albedo  method  which  can  be  described  as  follows:  On  a  room  drawing, 
outline  the  portion  of  the  walls,  floor  and  ceiling  that  could  be 
irradiated  by  direct  neutrons  from  the  accelerator,  and  be  visible  from 
the  door.  An  effective  center  (the  location  is  not  critical)  is  selected 
for  each  of  these  four  areas  (floor,  ceiling,  and  two  corner  walls).  The 
incident  and  reflected  angles  are  measured  from  these  center  points, 
and  the  simplification  is  made  that  all  neutrons  striking  each  effective 
area  are  concentrated  in  the  point  at  the  center.  Next,  the  dose  albedo, 
a  (French  and  Wells,  1964)  is  used, 

a  =  a(E0)  (cos  0o)2/3(cos  0),  (15) 

where  0o  and  0  are  the  incident  and  reflected  angles,  respectively, 
measured  from  the  normal  to  the  wall.  For  the  range  of  neutron 
spectra  from  medical  electron  accelerators,  a  single  value  for  a(EQ)  of 
0.11  can  be  used  for  concrete. 

Next,  the  dose  equivalent  is  assumed  to  follow  the  inverse  square 
law  both  from  the  accelerator  source  to  the  effective  centers,  and  from 
the  effective  centers  to  the  door. 

With  the  above  simplifications,  the  dose  equivalents  from  each  of 
the  irradiated  areas  (floor,  ceiling  and  corner  walls)  are  added.  Ob- 
viously, many  of  the  assumptions  are  questionable.  Nevertheless,  this 
is  a  calculation  which  can  be  done  by  hand,  and  it  is  sufficiently 
accurate  for  room  shielding  calculations. 

Figure  35  can  be  used  to  exemplify  this  method.  Neutrons  can 
scatter  from  the  wall  at  the  top  of  the  drawing  at  any  location  from 
the  upper-right  corner  out  to  the  point  marked  D,  a  distance  of  3.6 
meters,  and  go  directly  to  the  door.  This  part  of  the  wall  has  an  area 
of  3.6  X  3.3  =  11.9  m2  if  the  ceiling  is  3.3  meters  above  the  floor.  A 
point  P  which  is  estimated  to  be  the  effective  center  of  this  area  is 
selected.  Point  P  is  4.7  meters  from  the  isocenter  and  3.3  meters  from 
the  door.  With  a  protractor,  the  incident  and  reflected  angles  are  found 
to  be  47°  and  22°,  respectively.  From  Equation  15  above  a  =  0.11(cos 
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47°)%(cos  22°)  =  0.079.  The  dose  equivalent  from  this  wall  would  then 
be 

05     0.079  X  11.9 
H  "  4.72  X  3.32 

mrem 


2.0  X  10 


-3 


photon  rad ' 


The  contributions  from  the  other  wall,  the  ceiling,  and  the  floor  are 
calculated  similarly  and  all  four  contributions  are  added  to  give  a  total 
of 

mrem 


H  =  2.4  X  10" 


photon  rad 


The  dominance  of  the  contribution  from  the  wall  facing  the  door  is 
not  unusual.  This  dose  equivalent  rate  is  for  fast  neutrons  only. 

The  Kersey  method  was  developed  for  only  one  model  of  accelerator. 
Results  were  found  to  agree  with  measurements  to  within  a  factor  of 
two.  The  method  was  applied  to  other  accelerators  in  a  subsequent 
report  (McCall  et  ai,  1980)  and,  while  agreement  was  not  as  good,  it 
always  over-estimated  the  dose  at  the  door,  so  it  is  conservative.  This 
method  also  has  the  advantage  of  simplicity.  The  same  report  shows 
the  McCall  method  to  be  somewhat  more  accurate  but  also  more  time- 
consuming.  It  also  presented  a  third  method  which  was  subsequently 
found  to  be  in  error  and  the  method  should  not  be  used. 

It  should  be  noted  that  both  of  the  suitable  methods  make  assump- 
tions that  are  physically  incorrect,  but  their  results  are  adequate  for 
shielding  design. 

To  estimate  the  total  radiation  field  at  the  door,  Kersey  suggests 
that  the  neutron  capture  7 -ray  dose  rate  might  be  as  much  as  Vs  of 
the  total  neutron  dose  equivalent  rate.  McCall  et  ai,  (1980)  made 
measurements  outside  the  doors  of  several  accelerator  rooms  and  found 
that  the  three  dose  equivalent  components — fast  neutrons,  thermal 
neutrons,  and  neutron  capture  7  rays — were  of  comparable  magnitude 
unless  there  was  considerable  shielding  in  the  door.  Tochilin  and 
LaRiviere  (1979)  and  LaRiviere  (1982a;  1982b)  present  data  that  are 
in  rough  agreement  with  both  of  the  above.  Maerker  and  Muckenthaler 
(1967a)  observed  that,  in  the  middle  of  a  concrete  tunnel  with  a  fluence 
rate  0  n/(cm2-sec)  of  thermal  neutrons,  the  dose  rate  of  capture  7  rays 
was  approximately  10"6  0  rem/h.  Since  1  mrem/h  of  thermal  neutrons 
is  equivalent  to  260  n/(cm2-sec)  (ICRP,  1973),  the  capture  7-ray  dose 
rate  is  roughly  lA  of  that  due  to  thermal  neutrons.  When  some  existing 
data  were  tested  (McCall,  1979)  it  was  found  that  this  rule-of-thumb 
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overestimated  the  measured  capture  7 -ray  dose  rate  by  a  factor  of  1.4 
to  3.0.  Since  the  door  is  at  the  end  of  a  tunnel,  rather  than  in  the 
center,  this  is  about  as  would  be  expected. 


2.3.5   Door  Shielding 

The  amount  of  shielding  necessary  at  the  door  is  closely  related  to 
the  maze  design.  Most  therapy  room  doors  have  a  certain  amount  of 
lead  shielding  which  is  designed  to  attenuate  scattered  x  rays.  This 
topic  has  been  adequately  covered  previously  (NCRP,  1976;  1977). 
Assuming  that  scattered  x  rays  have  been  adequately  absorbed,  the 
radiation  field  at  the  door  will  be  a  mixture  of  fast  (but  low-energy) 
neutrons,  thermal  neutrons,  and  neutron -capture  gamma  rays.  The 
neutron-capture  gamma  rays  are  emitted  from  captures  in  the  maze 
walls  and  the  door  itself.  As  stated  above,  in  a  room  with  a  poorly 
designed  maze,  the  neutron-capture  gamma  ray  component  may  be  Vs 
or  more  of  the  total  dose  equivalent.  The  neutron-capture  gamma  rays 
are  of  very  high  energy,  ranging  up  to  —10  MeV.  The  2.2  MeV  gamma 
ray  from  capture  in  hydrogen  will  be  a  prominent,  but  not  a  dominant, 
feature  in  the  spectrum.  Massive  doors  would  be  required  to  attenuate 
the  capture  gamma  rays  significantly.  For  example,  from  the  results 
of  surveys  of  half  a  dozen  accelerators  (McCall  et  al,  1980)  a  TVL  of 
5-7  cm  of  lead  was  estimated.  Later,  a  more  careful  measurement 
(LaRiviere,  1980)  gave  a  TVL  of  6.1  cm  of  lead.  The  only  other 
reported  measurements  (Kersey,  1979)  showed  much  lower  energy 
gamma  rays  (TVL  ~6  mm  Pb)  but  these  measurements  were  for  rooms 
with  much  better  mazes  where  scattered  photons  would  be  expected 
to  be  more  important.  As  described  in  the  previous  section,  proper 
maze  design  eliminates  the  need  for  the  construction  of  very  heavy 
doors. 

For  existing  accelerators  or  for  new  accelerators  being  placed  in 
existing  rooms,  it  is  sometimes  impossible  to  build  adequate  mazes.  In 
such  cases,  Figure  35  might  represent  a  typical  room.  For  accelerators 
with  a  nominal  energy  of  15  MeV  and  a  workload  of  80,000  rad/week, 
dose  equivalents  of  2-10  rem/year  (neutrons  plus  photons)  have  been 
found  at  the  door  (McCall,  1979).  There  is  often  high  occupancy  just 
outside  the  door;  therefore,  it  is  necessary  to  reduce  these  radiation 
levels  by  factors  of  4  to  20.  Useful  measures  to  be  taken  depend  upon 
the  amount  of  shielding  needed.  The  configuration  is  like  that  in  Case 
2  of  Section  2.3.3.  Monte  Carlo  calculations  for  this  case  have  been 
made  (McCall,  1979)  for  concrete  and  polyethylene  shielding;  the 
results  are  shown  in  Figure  36.  The  average  energy  of  the  neutrons  is 
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Fig.  36.  Dose-equivalent  tenth-value  layer  (TVL)  for  a  geometry  approximating  a 
shielding  door  at  the  end  of  a  maze  as  a  function  of  average  energy  of  the  neutrons  at 
the  door.  The  lines  are  least-squares  fits  to  the  calculated  points  (McCall,  1979). 


low — in  the  neighborhood  of  100  keV  for  all  accelerators.  Two  inches 
of  polyethylene  on  the  door  would  reduce  the  fast  neutron  component 
by  a  factor  of  about  10.  If  one  inch  of  the  polyethylene  were  borated 
(the  outer  inch),  thermal  neutrons  would  essentially  be  eliminated. 
However,  there  would  be  very  little  change  in  the  neutron-capture 
gamma-ray  dose  rate,  so  that  the  total  reduction  in  dose  equivalent 
would  be  by  a  factor  of  about  lh  to  Vs.  If  a  larger  reduction  is  needed, 
other  measures  must  be  taken.  One  possibility  is  to  cover  the  maze 
walls  with  borated  materials.  Boron  has  a  high  neutron-capture  cross 
section  and  produces  ~1  gamma  ray  of  0.478  MeV  energy  per  capture 
(NCRP,  1971).  In  concrete,  about  2  gamma  rays  per  capture  are 
produced  (Schmidt,  1970)  and  their  energy  is  considerably  higher — up 
to  10  MeV.  The  maximum  reduction  in  capture  gamma-ray  dose  to  be 
expected  would  be  about  Vfe.  A  more  elegant  solution  would  be  to  keep 
the  thermal  neutrons  away  from  the  door.  Several  possibilities  for 
accomplishing  this  are  illustrated  in  Figure  35.  At  position  A,  an 
auxiliary  door  has  been  added.  Since  the  door  material  absorbs  neu- 
trons and  reflects  neutrons  back  into  the  room,  the  fast-  and  thermal- 
neutron  fields  at  the  outer  door  are  reduced.  At  the  same  time,  neutron- 
capture  gamma-ray  production  near  the  outer  door  is  reduced  and 
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distance  will  make  the  others  less  important.  This  auxiliary  door 
should  incorporate  2  inches  of  polyethylene  with  the  outer  inch  bor- 
ated.  A  total  reduction  of  the  dose  equivalent  at  the  door  by  about  a 
factor  of  10  should  be  obtained.  At  position  B  a  similar  door  is  shown. 
This  door  would  not  shield  as  effectively,  since  the  neutrons  striking 
it  are  of  somewhat  higher  energy  and  would  not  be  attenuated  so 
efficiently.  Also,  some  neutrons  would  be  scattered  directly  toward  the 
outer  door.  At  position  C  a  "finger"  wall  is  shown  that  can  sometimes 
be  added  (Worsnop,  1979).  This  finger  functions  by  shadowing  part  of 
the  end  wall  area  which  can  scatter  neutrons  directly  toward  the  outer 
door.  Since  it  can  only  partially  shadow  this  area,  it  is  probably  not 
worthwhile  to  make  this  finger  too  thick.  One  foot  of  concrete  or  3 
inches  of  polyethylene  might  be  reasonable  maximum  thicknesses. 
The  reduction  factor  to  be  expected  will  depend  on  the  geometry  in 
each  case.  A  solid-core  wooden  door  rather  than  a  metal  door  should 
be  chosen.  An  industrial  wooden  door  is  1ZA  inches  thick  and  would  be 
expected  to  attenuate  the  fast  neutrons  at  the  door  by  a  factor  of 
about  0.75.  Four  cm  of  wood  provides  approximately  the  same  neutron 
shielding  as  1  cm  of  polyethylene. 

2.3.6    Reduction  of  Neutron  Emission  from  Accelerators 

There  are  only  two  ways  to  reduce  neutron  emission  from  accelera- 
tors. Either  reduce  the  number  of  neutrons  produced  per  useful  photon 
rad  or  put  shielding  around  the  accelerator  to  absorb  the  neutrons. 
The  latter  is  the  more  obvious  solution  but  is  difficult  to  accomplish 
in  the  space  available.  In  the  first  commercial  accelerator  to  incorpo- 
rate neutron  shielding,  LaRiviere  has  reported  that  the  neutron- 
leakage  dose  equivalent  was  decreased  by  a  factor  of  about  0.70  in  the 
15  MeV  photon  mode  and  by  a  factor  of  about  0.53  in  the  19  MeV 
photon  mode  (LaRiviere,  1980). 

Reduction  of  the  relative  numbers  of  neutrons  produced  can  be 
accomplished  within  limits.  McCall  et  al  (1978b)  reported  that 
changes  in  an  accelerator  design  resulted  in  a  20%  decrease  in  the 
neutron  production  per  photon  rad  at  the  isocenter.  McCall  and 
Swanson  (1979)  analyzed  the  sources  of  neutron  production  in  a  typical 
therapy  head.  This  analysis  shows  that  neutron  production  could  be 
reduced  by  absorbing  the  unwanted  photons  in  a  medium  Z  material 
such  as  Fe  rather  than  Pb  or  W.  The  reduction  in  neutron  production 
could  be  by  a  factor  of  4  to  6.  However,  it  takes  much  more  Fe  than 
Pb  or  W  to  provide  the  necessary  shielding  and  there  is  insufficient 
space  to  take  advantage  of  this  reduction  completely.  In  addition,  there 


60      /      2.    NEUTRON  PRODUCTION  AND  TRANSPORT 


are  good  reasons  for  making  the  target  at  least  partially  of  a  high-Z 
material.  It  is  unlikely  that  neutron  production  in  the  therapy  head 
could  be  reduced  by  more  than  a  factor  of  two  by  appropriate  choice 
of  materials. 

It  is  important  that  neutron  production  between  the  electron  gun 
and  the  target  be  reduced  as  much  as  possible.  Electrons  striking 
collimators,  beam  scrapers,  etc.  produce  photons  which  interact  with 
the  local  shielding  to  produce  photoneutrons.  How  large  this  source  of 
neutrons  might  be  is  unknown,  but  calculations  indicate  that  in  some 
accelerators  neutron  production  might  be  as  large  as  from  those 
sources  occurring  at  and  beyond  the  target  (McCall  and  Swanson, 
1979).  The  electrons  lost  at  slits  and  collimators,  of  course,  contribute 
nothing  to  the  useful  photon  beam.  It  should  be  noted  that  these 
extraneous  photon  sources  strike  very  thick  shielding  of  heavy  metals 
and  produce  the  maximum  possible  number  of  neutrons.  If  these 
photon  sources  were  shielded  only  in  the  direction  of  the  patient, 
neutron  production  would  be  much  lower,  although  extra  concrete 
might  be  needed  in  the  room  shielding  to  attenuate  the  photons.  Some 
state  regulations,  however,  often  require  photon  shielding  in  all  direc- 
tions from  the  target. 

Another  possibility,  which  has  not  been  adequately  explored,  is  the 
use  of  different  field  flatteners  for  large  and  small  treatment  fields.  In 
order  to  flatten,  e.g.,  a  22  MeV  bremsstrahlung  beam  out  to  14°  (the 
corner  of  35  X  35  cm  field  at  100  cm),  the  central-axis  dose  rate  must 
be  attenuated  to  about  1.8  X  10~13  rad/electron,  an  attenuation  factor 
of  about  0.15.  To  flatten  the  same  beam  at  4° — the  corner  of  a  10  X 
10  cm  field  at  100  cm — the  central  axis  dose  rate  must  be  attenuated 
to  about  5.5  X  10"13  rad/electron,  an  attenuation  factor  of  about  0.46 
(McCall,  1978).  This  would  mean  that  the  same  useful  photon  dose 
rate  could  be  provided  with  only  Vz  the  current  in  the  latter  case.  The 
neutron  production  per  useful  photon  rad  would  be  reduced  by  the 
same  factor.  There  would  also  be  a  small  reduction  in  neutron  produc- 
tion due  to  the  fact  that  the  flattener  is  thinner.  If  a  significant 
fraction  of  treatments  were  with  small  fields,  it  might  be  a  worthwhile 
modification  to  provide  separate  flatteners  for  large  and  small  fields. 


3.    Hazards  from  Neutrons 


3.1    Patient  Risk 


3.1.1  Introduction 

The  risk  of  harmful  effects  associated  with  a  radiation  dose  can  be 
divided  into  two  categories:  genetic  and  somatic.  Genetic  effects  are 
those  effects  manifested  in  the  progeny  of  an  exposed  individual 
whereas  the  somatic  effects  are  those  manifested  in  the  individual. 
When  radiation  is  used  as  a  therapeutic  modality  in  the  treatment  of 
malignant  diseases,  the  patient  is  exposed  to  the  risk  of  both  genetic 
and  somatic  effects.  The  physician  must  be  familiar  with  the  risk  of 
the  particular  treatment  and  must  be  able  to  convey  the  sense  of  the 
risk  and  the  potential  benefit  to  the  patient,  so  that,  together,  they 
can  arrive  at  an  informed  treatment  decision.  There  are  a  number  of 
sources  available  to  guide  the  physician  in  arriving  at  risk  factors 
(NAS,  1972;  1980;  UNSCEAR  1977;  1982)  and  the  principal  benefit  is 
the  hope  of  a  complete  cure  or,  at  least,  a  temporary  remission  of  the 
effects  of  the  disease. 

Numerical  estimates  of  risk  can  bear  upon  the  choice  between 
alternatives;  therefore,  it  is  necessary  to  estimate  the  risks  (Pochin, 
1978).  However,  it  is  not  always  possible  to  make  numerical  estimates 
since  the  appropriate  data  may  not  be  available.  Prior  to  the  early 
1950's  most  external-beam  radiation  therapy  for  deep-seated  tumors 
was  performed  with  200  to  300  kV  x  rays.  Very  often  therapy  was 
terminated,  not  because  the  tumor  had  received  a  sufficient  dose,  but 
because  the  overlying  skin  had  reached  its  tolerance  dose.  The  physical 
advantages  of  high-energy  radiation,  including  build  up,  increased 
depth  dose,  and  reduced  side  scatter,  have  led  to  the  virtual  replace- 
ment of  orthovoltage  (200-300  kV)  x-ray  units  with  units  of  1  MeV 
and  higher  energies. 

The  ratio  of  tumor  integral  dose  to  patient  integral  dose  increases 
as  the  energy  of  the  photons  used  increases,  and  as  the  type  of 
administration  increases  from  a  single  field  to  multiple  fields  to  a 
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moving  field  (Wachsmann  et  a/.,  1962).  There  is  evidence  that  the 
cure  rate  for  cervical  cancer  is  higher  when  cobalt-60  gamma  rays 
(1.25  MeV  photons)  rather  than  orthovoltage  x  rays  are  used,  and  that 
this  rate  is  significantly  higher  for  22  MeV  x  rays  (Bush,  1980).  Why 
are  the  cure  rates  so  much  better  with  higher-energy  radiation  than 
with  cobalt-60?  Johns  states  that  the  question  cannot  be  answered 
unequivocally,  but  he  believes  that  "the  differences  in  results  are 
mainly  due  to  the  quite  different  dose  patterns  for  the  same  dose  to 
the  tumor  volume;  the  high  energy  beam  deposits  much  less  radiation 
in  the  normal  tissue  in  the  region  between  the  skin  and  the  tumor". 
(Johns,  1979). 

With  advances  in  therapeutic  technology  and  use  of  combined 
modalities  (surgery,  radiotherapy,  chemotherapy,  hyperthermia,  etc.), 
the  survival  time  has  been  extended  to  many  years  for  specific  diseases. 
This  extended  survival  time  has  stimulated  the  need  to  reevaluate  the 
risks  associated  with  the  therapeutic  techniques.  To  compound  this 
situation,  the  radiation  environments  associated  with  supposedly  sim- 
ilar treatment  beams  may  actually  differ  from  each  other,  thereby 
rendering  different  probabilities  of  risk  for  the  treatment  beams.  For 
example,  the  photoneutron  production  and  the  leakage  radiation  as- 
sociated with  a  25  MeV  photon  beam  generated  by  a  betatron  may 
differ  from  that  for  a  25  MeV  photon  beam  generated  by  a  linac.  Since 
the  radiation  risks  to  the  patient  are  related  to  the  radiation  environ- 
ment generated  by  the  therapeutic  source,  a  knowledge  of  this  envi- 
ronment is  paramount  before  any  associated  risks  can  be  evaluated. 

The  neutrons  produced  by  radiation  therapy  beams  are  of  relatively 
low  intensity  (See  Sect.  3.1.3),  and,  consequently,  the  risks  can  be 
assumed  to  be  those  associated  with  low-level  radiation.  The  reports 
of  the  Biological  Effects  of  Ionizing  Radiation  Committee  (BEIR) 
(NAS,  1972;  1980)  and  the  reports  of  the  United  Nations  Scientific 
Committee  on  the  Effects  of  Atomic  Radiation  (UNSCEAR,  1977; 
1982)  address  mainly  the  risks  associated  with  low-level,  low-LET 
radiation.  They  do  not  attempt  to  elaborate  or  discuss  in  any  detail 
the  risks  associated  with  low  levels  of  high-LET  radiation.  In  address- 
ing the  therapeutic  uses  of  radiation,  the  UNSCEAR  report  states 
that  the  seriousness  of  the  primary  disease  requires  that  little  consid- 
eration be  given  to  any  deleterious  late  effects  of  radiation  that  might 
occur  many  years  after  a  successful  treatment.  The  report  goes  on  to 
state,  however,  that  it  is  important  to  obtain  estimates  of  the  radiation 
dose  within  healthy  organs  and  tissue  irradiated  in  the  treatment 
regimen,  so  that  estimates  of  the  frequency  of  such  late  effects  can  be 
made  (UNSCEAR,  1977). 
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3.1.2    Source  of  Radiation  Dose  Outside  the  Treatment  Volume 

In  radiation  therapy,  specified  tissues  are  to  be  irradiated  to  a 
specified  absorbed  dose  according  to  a  specified  time-dose  pattern. 
Because  of  the  limitations  in  treatment  techniques,  it  is  impossible  to 
administer  the  prescribed  absorbed  dose  exclusively  to  these  tissues. 
For  the  purposes  of  this  report,  it  is  sufficient  to  discuss  the  dose  to 
the  treatment  volume  rather  than  the  dose  to  the  tumor.  The  volume 
of  the  patient  included  within  the  primary  beam  which  encloses  the 
tissues  to  be  treated  is  called  the  treatment  volume. 

Any  absorbed  dose  the  patient  receives  outside  the  treatment  volume 
must  be  considered  undesirable.  There  are  several  sources  of  absorbed 
dose  outside  the  treatment  volume  in  addition  to  primary  beam  ab- 
sorption in  overlying  and  underlying  tissues. 

1.  Photons  leaking  through  the  head  shielding. 

2.  Photons  scattered  out  of  the  treatment  volume. 

3.  Neutrons  originating  in  the  treatment  head  and  leaking  through 
the  head  shielding. 

4.  Neutrons  produced  in  the  treatment  volume  by  (7,  n)  reactions 
and  then  penetrating  outside  the  treatment  volume. 

5.  Radiation  due  to  radioactive  isotopes  produced  in  the  body. 
These  various  components  are  not  completely  independent  of  each 
other  and  it  is  the  total  risk  to  the  patient  which  should  be  considered. 

The  first  of  the  sources  above  is  probably  the  best  known,  since  it 
is  a  problem  previously  encountered  with  lower-energy  x-ray  genera- 
tors. Most  commonly,  photon  head  leakage  has  been  required  by 
regulatory  authorities  to  be  less  than  0.1%  of  the  useful  beam  dose 
rate,  when  both  are  measured  at  the  usual  working  distance  from  the 
target.  The  limit  of  0.1%  of  the  useful  dose  first  appears  in  NCRP 
Report  No.  3  (NCRP,  1936).  The  recommendation  in  its  modern  form 
appeared  in  ICRP  Publication  4  (ICRP,  1962).  It  has  been  stated  that 
the  value  was  chosen  rather  arbitrarily  as  a  value  that  could  easily  be 
met  for  the  equipment  of  that  time  (Rawlinson  and  Johns,  1977). 
Others  remember  the  reasons  as  being  somewhat  different,  and  it 
appears  that  the  true  reasoning  behind  the  choice  of  0.1%  may  be  lost 
forever. 

The  second  of  the  above  sources  has  been  considered  in  relation  to 
the  photon  leakage  dose  (Rawlinson  and  Johns,  1977;  Rawlinson, 
1979).  These  authors  made  measurements  and  calculations  of  the  ratio 
of  the  integral  dose  due  to  photon  scatter  to  the  integral  dose  due  to 
photon  head  leakage.  This  ratio  ranged  from  -28  for  large  fields  to  -5 
for  small  fields  using  both  60Co  7  rays  and  25  MV  x  rays.  For  this 
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work  they  assumed  head  leakage  was  a  constant  0.1%  of  the  useful 
dose  rate  at  the  depth  of  maximum  dose  rate.  Calculations  by  Ing  and 
Shore  (1982)  are  in  good  agreement.  These  ratios  must  be  considered 
as  minimal  since  this  assumption  neglects  the  decrease  of  leakage  dose 
rate  with  distance  from  the  target  and  the  effect  of  additional  shielding 
of  the  patient  by  the  adjustable  collimators  when  they  are  partially 
open. 

The  third  source  above  has  been  considered  by  several  groups.  Most 
of  the  work  has  concentrated  on  measurements  of  the  neutron  leakage 
dose  rate  in  the  plane  of  the  patient.  These  results  have  been  sum- 
marized by  Almond  (1979).  The  attenuation  of  such  neutrons,  from  a 
14  MeV  and  a  25  MeV  machine,  in  a  water  phantom,  has  been 
calculated  by  McCall  and  Swanson  (1979).  They  obtained  half- value 
layers  (HVLs)  of  2.2  cm  and  3.5  cm  of  water,  respectively,  from  the 
calculated  distributions  of  dose  delivered  by  recoil  charged  particles. 
Such  calculations  have  been  confirmed  by  incorporating  the  depth 
dose  curves  for  monoenergetic  neutrons  given  in  NCRP  Report  No. 
38  (NCRP,  1971)  weighted  by  the  neutron-leakage  spectrum.  For 
neutrons  from  head  leakage  whose  average  energy  is  typically  less 
than  1  MeV,  the  dose  delivered  by  gamma  rays  produced  by  neutron 
interactions  in  the  body  is  not  negligible.  These  gamma  rays  have  a 
flatter  dose  distribution  (See  NCRP,  1971)  and  tend  to  increase  the 
HVL.  For  instance,  the  addition  of  the  gamma  dose  to  the  neutron 
dose  (giving  the  total  "neutron-generated"  dose)  changes  the  half- 
value  thickness  for  the  25-MeV  machine  to  5.0  cm  of  water.  Pohlit 
has  measured  the  attenuation  of  photoneutrons  produced  in  5  mm  Pb 
sheets  placed  in  the  x-ray  beam  at  a  distance  of  125  cm  from  a  betatron 
target  (Pohlit,  1959).  The  measurements  were  made  with  In  foils 
placed  in  a  50  X  50  X  50  cm3  paraffin  phantom  directly  behind  the 
lead.  For  betatron  energies  of  18  and  35  MeV,  the  half-value  layers 
obtained  were  5.8  and  4.3  cm  of  paraffin,  respectively.  In  a  subse- 
quently-reported measurement,  a  HVL  at  35  MeV  of  3.9  cm  in  paraffin 
was  obtained  for  betatron  leakage  neutrons  at  a  distance  of  108  cm 
(Pohlit,  1960).  When  multiplied  by  the  ratio  of  hydrogen  concentra- 
tions, the  paraffin  HVLs  of  5.8,  4.3  and  3.9  cm  become  6.7,  5.0,  and 
4.5  cm,  respectively,  in  water.  Although  these  half -value  layers  are  not 
very  accurate,  they  can,  nevertheless,  be  used  to  estimate  the  self- 
shielding  of  the  patient  to  obtain  the  integral  dose  delivered  by  leakage 
neutrons.  Brahme  et  a/.,  obtained  an  HVL  of  about  5  cm  in  tissue- 
equivalent  plastic  for  photoneutrons  from  a  50  MeV  microtron  in  good 
agreement  (Brahme  et  al.,  1980).  For  a  20  cm  thick  patient  (actually 
H20)  and  perpendicular  incidence,  the  integral  doses,  obtained  by 
integrating  the  attenuation  curve,  are  0.42,  0.34,  0.31,  0.25  and  0.16  of 
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the  values  obtained  assuming  no  attenuation  of  half-value  thicknesses 
of  6.7,  5.0,  4.5,  3.5  and  2.2  cm  respectively. 

Ing  and  Shore  calculated  the  integral  dose  from  head  leakage  neu- 
trons in  a  4  x  104  g  phantom  for  a  particular  25  MeV  linear  accelerator 
and  an  assumed  leakage  of  0.091%  (neutron  rad  per  photon  rad  at  1 
m)  (Ing  and  Shore,  1982).  A  value  of  12  g-rad  per  photon  rad  was 
obtained  for  a  beam  100  cm2  in  area.  For  these  irradiation  conditions 
and  the  same  phantom  size,  the  integral  dose  estimated  using  a  HVL 
of  5.0  cm  is  9.1  X  10"4  X  0.34  X  4  X  104  g  =  12  g-rad  per  photon  rad, 
which  is  in  good  agreement.  Swanson  also  estimated  the  integral  dose 
in  a  phantom  slightly  different  from  that  used  by  Ing  and  Shore  (1982), 
and  obtained  a  value  of  4.0  g-rad  for  a  100  cm2  beam  and  a  head 
leakage  of  0.03%,  which  is  also  in  good  agreement  when  the  difference 
in  assumed  leakage  is  taken  into  account  (Swanson,  1980). 

The  leakage  of  0.091%  used  by  Ing  and  Shore,  (1982)  represents  the 
highest  value  measured  for  that  particular  type  of  accelerator,  in  which 
it  is  known  that  a  large  (and  variable)  fraction  of  the  neutrons  incident 
on  the  patient  is  produced  at  the  two  bends  of  the  beam  and  in  the 
collimator  after  the  bend.  In  their  calculation,  Ing  and  Shore  have 
included  this  component  to  derive  their  integral  dose.  On  the  other 
hand,  the  leakage  (0.03%)  assumed  by  Swanson  probably  represents 
the  lower  limit  for  those  accelerators  and  includes  only  neutrons  from 
the  head.  According  to  another  study,  the  typical  leakage  from  this 
machine  is  0.059%  which  is  almost  exactly  the  average  of  the  above 
values  and  would  give  an  integral  dose  of  7.8  g-rad  (Almond,  1979). 
Ing  and  Shore  concluded  that  with  a  quality  factor  of  10,  the  integral 
dose  equivalent  from  such  25  MeV  machines  could  approach  that  from 
scattered  photons  for  small  fields.  However,  if  production  in  the  two 
"bends"  are  excluded  and  only  neutron  leakage  from  the  head  is 
considered,  the  integral  dose  equivalent  from  leakage  neutrons  is  only 
about  half  of  the  unwanted  integral  dose  equivalent  from  scattered 
photons  (Ing  and  Shore,  1982). 

The  fourth  source  of  radiation  outside  the  treatment  field  was  first 
studied  by  Laughlin  who  estimated  that  the  dose  equivalent  from 
neutrons  produced  in  the  patient  was  of  the  order  of  0.05-0.4%  of  the 
photon  dose  depending  on  field  size  (Laughlin,  1951).  Horsley  et  al. 
(1953)  made  some  rough  calculations  and  decided  it  was  not  a  signifi- 
cant problem.  More  recent  Monte  Carlo  calculations  by  Ing  et  al. 
(1982)  indicated  that  the  patient  integral  dose  outside  the  treatment 
volume  due  to  neutrons  produced  in  the  patient  is  of  the  order  of  100 
times  smaller  than  that  due  to  photons  scattered  out  of  the  treatment 
volume.  Adams  and  Paluch  found  that  the  dose  equivalent  from 
neutrons  produced  in  water  by  a  10  cm  X  10  cm  beam  of  photons  from 
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a  70  MeV  synchrotron  was  about  1  mrem/photon  rad  at  the  edge  of 
the  beam.  They  found  that  neutrons  were  attenuated  at  90°  to  the 
beam  direction  with  a  half-value  layer  of  4.0  cm  in  water  (Adams  and 
Paluch,  1965).  No  information  was  given  about  scattered  photon  doses 
except  that  at  20  cm  from  the  edge  of  the  beam,  the  scattered  photon 
dose  was  about  10  times  the  dose  equivalent  from  neutrons  produced 
in  the  treatment  volume.  If  a  quality  factor  of  10  is  assumed,  this  is  in 
good  agreement  with  the  calculations  of  Ing  et  al.  (1982).  Calculations 
by  Laughlin  et  al.  (1979)  are  reported,  with  corrections  by  Bading  et 
al.  (1982),  that  are  in  very  good  agreement  with  those  of  Ing  et  al. 
(1982).  Measurements  and  calculations  by  Allen  and  Chaudhri  (1982) 
are  confined  to  the  treatment  volume  but  agree  closely  with  the  results 
of  Horsley  et  al.  (1953).  They  also  reach  the  conclusion  that  the  dose 
as  a  result  of  photonuclear  reactions  in  the  patient  is  insignificant. 

Frost  and  Michel  studied  distributions  of  neutrons  and  protons 
produced  in  a  paraffin  phantom  by  a  34  MeV  betatron  beam.  They 
report  additional  dose-equivalent  components  of  7.1%  and  2.4%  (rem/ 
treatment  rad)  for  these  particles,  respectively,  assuming  a  quality 
factor  Q  =  10  for  both,  or  a  total  of  9.5%  (rem/treatment  rad)  (Frost 
and  Michel,  1964).  While  they  point  out  that  the  protons  produced 
have  a  very  limited  range,  their  data  show  that  the  fast-neutron 
component  has  a  penumbra  of  about  12-13  cm  in  paraffin.  This  is  the 
distance  in  which  the  neutron  dose  drops  from  85%  to  15%  of  the 
maximum.  Measurements  of  the  transverse  neutron  fluence  show 
penumbras  in  the  range  12-15  cm  in  paraffin  for  neutrons  produced 
by  a  24  MeV  betatron  beam  in  a  paraffin  phantom  (Pohlit,  1959). 
These  authors  do  not  give  the  fraction  outside  of  the  beam  and  this  is 
difficult  to  obtain  accurately  from  their  published  data,  but  one  could 
expect  a  majority  of  the  neutron  dose  to  be  deposited  outside  the 
treatment  area  if  the  field  size  is  comparable  to  or  less  than  the 
penumbras  found. 

The  fifth  source  of  radiation  dose  is  that  due  to  radioactive  isotopes 
produced  in  the  body.  The  predominant  isotopes  will  be  those  from 
(7,  n)  reactions  in  C,  O,  N,  P  and  Ca.  All  of  the  isotopes  produced  are 
short-lived  positron  emitters  (TV2  «  1  h).  The  relative  importance  of 
the  various  isotopes  depends  on  the  accelerator  energy  and  the  relative 
amount  of  bone  in  the  irradiated  volume.  This  problem  has  been 
investigated  with  a  35  MeV  betatron  (Frost  and  Michel,  1967).  They 
found  very  small  doses  due  to  this  source,  of  the  order  of  0.01%  of  the 
useful  photon  dose  in  the  worst  case. 

In  summary,  the  dose  the  patient  receives  outside  the  treatment 
volume  from  the  five  sources  considered  are  as  follows: 
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1.  Photon  head  leakage— Varies,  but  if  recommendations  are  fol- 
lowed, it  is  usually  less  than  0.1%  useful  dose  (NCRP,  1968). 

2.  Scattered  photons— Integral  dose  is  5-30  times  larger  than  that 
produced  by  0.1%  head  leakage. 

3.  Head  leakage  neutrons— Maximum  integral  dose  equivalent  could 
be  about  half  of  that  from  scattered  photons  for  any  therapeutic 
treatment  condition. 

4.  Neutrons  produced  in  patient— Negligible. 

5.  Radioactive  isotopes  produced  in  the  patient— Negligible. 


3.1.3    Significance  of  Leakage  Exposure 

It  was  shown  in  the  previous  section  that  the  integral  dose  equivalent 
from  leakage  photons,  assuming  the  maximum  0.1%  leakage,  was  at 
most  about  20%  of  that  due  to  scattered  photons  from  the  treatment 
volume.  It  was  also  shown  that  leakage  neutron  dose  equivalent  could 
be  about  half  that  due  to  scattered  photons  in  the  worse  case.  The 
maximum  integral  dose  equivalent  from  leakage  then  would  be  about 
70%  of  that  due  to  scattered  photons.  In  any  realistic  situation  where 
there  is  a  distribution  of  treatment  field  sizes  the  average  relative 
contribution  from  leakage  photons  would  be  less. 

The  significance  of  neutrons  from  head  leakage  and  photonuclear 
reactions  in  the  body  relative  to  changes  in  the  scattered  photon 
intensity  with  beam  energy  is  evident  (Ing  et  cd.,  1982;  Ing  and  Shore, 
1982).  For  a  60Co  beam  100  cm2  in  area,  these  authors  claim  that  the 
integral  dose  delivered  by  scattered  photons  outside  the  treatment 
volume  is  20%  of  that  inside  the  treatment  volume.  Their  results  also 
show  that  when  the  photons  are  produced  by  a  25  MeV  machine,  the 
integral  dose  outside  the  treatment  volume  from  scattered  photons  is 
10%,  while  the  integral  dose  from  leakage  neutrons  and  photoneutrons 
in  the  body  (even  for  the  large  assumed  neutron  leakage  for  the 
machine)  is  only  1%  giving  a  total  "unwanted"  integral  dose  of  11%. 
Thus,  the  decreased  photon  scattering  accompanying  an  increase  in 
beam  energy  more  than  compensates  for  the  additional  contributions 
from  neutrons  produced  by  the  photonuclear  reaction. 

Using  the  above  estimates  of  the  magnitude  of  neutron  dose  and  the 
best  available  neutron  risk  coefficients,  it  is  estimated  that  5  x  10_b 
fatal  malignancies  per  year  due  to  the  neutrons  may  follow  a  typical 
treatment  course  of  5000  rad  of  25  MeV  x  rays.  This  is  about  Vfeoth  of 
the  average  incidence  of  malignancies  of  the  general  population.  Thus, 
the  cancer  risk  to  the  radiotherapy  patient  from  accelerator-produced 
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neutrons  poses  an  additional  risk  to  the  patient  that  is  negligible  in 
comparison  (Nath  et  ai,  1984).  On  the  other  hand,  there  are  docu- 
mented advantages  of  high -energy  radiations,  i.e.,  betatron  radiation 
which  does  have  leakage  neutrons,  over  cobalt-60  radiation  which  has 
no  neutron  component.  For  many  tumor  types,  no  data  are  available, 
but  data  show  that,  for  stage  III  carcinoma  of  the  cervix,  12  years  after 
diagnosis,  33%  of  the  patients,  who  have  been  treated  by  the  betatron, 
survive,  whereas,  only  15%,  who  have  been  treated  with  cobalt-60, 
survive  (Bush,  1980).  It  would  appear  that  any  higher  risk  of  carcino- 
genesis associated  with  high  energy  photon  therapy  is  negligible  com- 
pared with  the  increased  benefits  relative  to  lower  energy  photon 
irradiation. 

Recently  a  task  group  was  appointed  by  the  American  Association 
of  Physicists  in  Medicine  to  consider  the  risk  to  the  patient  from 
leakage  neutrons  (AAPM,  1982).  Their  conclusion  was  that  the  patient 
risk  was  extremely  small  and  that  more  stringent  leakage  restrictions 
were  undesirable  (Nath  et  ai,  1984). 


3.2    Sources  of  Exposure  for  Operating  Personnel 


3.2.1    Door  Leakage 

Most  rooms  will  be  adequately  shielded  against  neutron  leakage, 
except  at  the  door  (See  Section  2.3.3).  Rooms  with  inadequately 
designed  mazes  and  doors,  may  have  a  radiation  problem  just  outside 
the  door.  This  is  an  area  often  occupied  by  technicians  and  nurses 
waiting  for  the  treatment  to  be  completed.  The  accelerator  control 
console  is  often  close  to  the  door.  Since  a  large  fraction  of  the  neutron 
component  is  below  500  keV,  personnel  dosimetry  will  be  difficult. 
Film  dosimeters  containing  nuclear-track  film  will  detect  only  a  neg- 
ligible fraction  of  the  fast  neutron  dose.  Albedo  dosimeters  would  be 
very  direction  dependent  for  these  low  energy  neutrons.  Photon  and 
thermal  neutron  components  of  the  radiation  field  outside  the  door 
are  easier  to  measure  by  standard  personnel  dosimetry  methods  such 
as  paired  6LiF  and  7LiF  thermoluminescent  dosimeters  (TLD).  The 
sensitivity  of  such  TLDs  is  good  enough  to  measure  a  dose  equivalent 
of  <5  mrem  due  to  thermal  neutrons.  While  the  thermal  neutrons  are 
only  one  component  of  the  radiation  field,  TLD  personnel  dosimeters 
would  be  useful  in  detecting  any  changes  in  shielding,  operating 
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procedures,  etc.,  that  affect  the  hazards  from  neutrons.  Estimates  of 
total  dose  equivalent  will  probably  have  to  be  based  on  periodic  area 
surveys  and  occupancy  times.  Measurement  methods  are  discussed  in 
Section  4. 


3.2.2  Activation 

When  a  photon  produces  a  neutron  through  a  (7,  n)  reaction,  the 
product  nucleus  may  be  radioactive  and  the  neutron  may  be  absorbed 
forming  a  second  radioactive  nucleus.  If  the  resulting  radiation  levels 
are  significant,  they  could  contribute  to  the  radiation  dose  of  the 
operating  personnel.  There  is  a  small  amount  of  information  available 
indicating  that  this  occurs.  In  a  study  of  film  badge  exposures  of 
technologists  working  on  a  25  MeV  accelerator  compared  with  those 
working  on  4  and  6  MeV  accelerators,  it  was  found  that  measurable 
exposures  were  seen  only  for  those  working  on  the  higher-energy 
accelerator  and  would  have  been  about  100  mR/y  for  a  full-time 
technologist  (Hoffman  and  Nath,  1982).  Annual  exposures  of  about 
50  mR/y  for  technologists  on  an  18  MeV  accelerator  and  200  mR/y 
for  those  on  a  25  MeV  machine  were  observed  (Almond,  1981). 

The  induced  radioactivity  can  conveniently  be  discussed  according 
to  its  location,  namely: 

1.  Accelerator  components  and  treatment  aids. 

2.  Patient. 

3.  Room  walls,  ceiling  and  floor. 

3.2.2.1  Accelerator  and  Treatment  Aids.  There  is  little  information 
in  the  literature  on  this  topic.  It  is  clear  that  the  parts  of  the  accelerator 
which  are  most  apt  to  become  radioactive  are  the  target,  collimators 
(if  any),  field  flattener  and  inside  surfaces  of  the  head  shielding.  These 
components  are  well-shielded  and  would  only  be  a  problem  when  the 
machine  is  disassembled  for  repairs.  The  induced  activity  in  treatment 
aids  of  a  25  MeV  linear  accelerator  has  been  studied  (Glasgow,  1980). 
These  treatment  aids  included  plastic  trays,  lead  and  Cerrobend  shield- 
ing blocks,  aluminum  plates,  lucite  trays,  and  wax  and  brass  devices. 
One  minute  after  a  300  rad  treatment  all  of  these,  except  for  the  brass 
items,  exhibited  a  dose  rate  at  contact  of  less  than  2  mR/h.  A  brass 
wedge  showed  the  highest  dose  rate  of  26  mR/h  at  contact.  The  major 
portion  of  this  dose  rate  was  from  62Cu  (TV2  =  9.78  min).  Glasgow 
measured  hand  and  body  exposures  of  the  radiation  therapy  techni- 
cians and  found  hand  exposures  exceeded  body  exposures  by  a  ratio 
varying  from  2/1  for  a  4  MeV  machine  to  10/1  for  a  23  MeV  betatron. 
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Unpublished  data  from  several  accelerator  manufacturers  indicate 
maximum  exposure  rates  of  1-4  mR/h  at  accessible  points  on  their 
accelerators  after  continuous  operation  for  10-30  min  (LaRiviere, 
1980;  Taumann,  1980;  VanDyk,  1981). 

3.2.2.2  Patient  While  activation  of  the  patient  has  been  observed 
after  radiotherapy  (Mayneord  et  a/.,  1949;  Frost  and  Michel,  1967; 
Spring  and  Vayrynen,  1970;  Stranden,  1977a;  Hughes  et  a/.,  1979), 
none  of  the  authors  have  reported  dose  rates  emanating  from  the 
activated  patient.  In  all  cases,  150  (TV2  =  2.04  min)  and  nC  (T./2  =  20.3 
min)  were  the  only  significant  isotopes  observed.  Kenney  (1981) 
measured  surface  dose  rates  on  two  patients  after  a  radiotherapy 
treatment  with  the  following  results: 

45  MeV  x  rays,  338  cm2  field,  210  rad  dose  resulted  in  a  12  mR/h 

reading,  declining  to  1.9  mR/h  after  10  minutes. 

25  MeV  x  rays,  311  cm2  field,  286  rad  dose  resulted  in  a  13  mR/h 

reading,  declining  to  2.5  mR/h  after  10  minutes. 
It  would  appear  that  the  dose  to  a  technologist  from  such  levels  would 
be  quite  low.  Since  the  carbon/oxygen  ratio  varies  from  fat  to  muscle, 
it  is  apparent  that  the  nC/150  ratio  would  vary  from  patient-to-patient 
and  for  different  treatment  sites. 

3.2.2.3  Room  Walls,  Ceiling  and  Floor.  Since  the  elemental  compo- 
sition of  concrete  varies  depending  on  the  source  and  nature  of  the 
Portland  cement,  sand  and  aggregate  used,  the  amount  of  induced 
radioactivity  probably  varies  also.  Various  reactions  are  possible  which 
can  result  in  radioactive  nuclei,  e.g.,  (7,  n),  (n,  2n),  thermal  (n,  7),  (n, 
p),  etc.  However,  it  is  probable  that  thermal  neutron  capture  is  the 
dominant  reaction.  Experimental  data  are  very  sparse  and  most  of  the 
investigators  have  started  their  measurements  1  hour  after  shutdown. 
For  a  medical  accelerator,  where  the  normal  operation  is  1-3  minutes 
followed  by  immediate  entry,  these  studies  are  not  applicable.  The 
dominant  7 -ray  emitting  isotopes  produced  in  a  particular  room  were 
reported  to  be  28A1  (T./2  =  2.3  min),  49Ca  (T*  =  8.8  min)  and  24Na  (T* 
=  15  h)  (Tochilin  and  LaRiviere,  1978).  These  isotopes  are  all  produced 
by  thermal  (n,  7)  reactions  but  28A1  can  also  be  produced  by  29Si  (7, 
p)  28A1  and  by  28Si  (n,  p)  28A1.  The  relative  importance  of  these 
reactions  is  unknown  at  this  time.  For  a  busy  radiotherapy  accelerator, 
it  is  estimated  a  technologist  would  receive  10-15  mR/week.  Most  of 
this  exposure  would  be  from  28A1.  Calculations  and  measurements  were 
for  15  and  18  MV  photon-mode  accelerators  but,  since  the  three 
dominant  reactions  are  all  due  to  thermal  neutron  capture,  the  same 
isotopes  will  probably  be  dominant  for  all  accelerators  in  the  therapy 
energy  range.  The  magnitude  of  the  activation  will  be  a  function  of 


3.3   EXPOSURES  DURING  INSTALLATION      /  71 

the  room  size,  the  neutron  yield  of  the  accelerator,  the  distribution  of 
on-off  time,  and,  perhaps  the  chemical  composition  of  the  concrete. 

3.3    Exposures  During  Installation 

The  process  of  installing  a  medical  accelerator  may  cause  special 
problems  with  respect  to  neutron  leakage.  Both  the  institution  receiv- 
ing the  equipment  and  the  company  installation  crew  should  take 
appropriate  action  to  ensure  that  the  personnel  involved  do  not  receive 
excess  radiation  exposure. 

The  neutron  leakage  around  an  accelerator  is  determined  for  the 
machine  in  its  final  configuration,  i.e.,  with  all  machine  covers  and 
shielding  in  place,  with  accelerator  sections,  bending  magnets,  and 
defining  slits,  etc.  in  their  correctly  aligned  positions,  and  the  room 
shielding  and  maze  configuration  designed  for  the  minimal  neutron 
leakage.  During  installation,  many,  if  not  all,  of  the  above  conditions 
may  not  be  met.  Machine  covers  and  shielding  are  likely  to  be  removed, 
the  alignments  may  not  be  optimized,  and  higher  neutron  leakage 
than  specified  can  occur,  resulting  in  higher  doses  outside  the  accel- 
erator room.  In  addition,  workloads  and  occupancy  factors  are  likely 
to  be  much  different  from  those  established  for  routine  clinical  work. 
This  can  result  in  higher  neutron  doses  outside  the  accelerator  room. 
These  elevated  doses  will  occur  if  the  installation  crew  and  physicist 
spend  many  hours  making  beam  measurements  and  adjustments  on 
the  machine.  In  addition,  the  installation  crew  may  spend  time  in 
areas  not  normally  occupied  during  beam-on  time,  such  as  rooms  for 
modulators,  power  and  water  supplies,  etc. 

These  considerations  lead  to  specific  procedures  that  should  be 
performed  during  installation. 

1.  Neutron  surveys  should  be  done  in  the  control  area  and  in  the 
working  space  occupied  by  the  installation  crew  at  all  stages  of 
the  installation,  when  a  beam  is  being  generated,  to  determine 
safe  occupancy  time.  In  addition,  if  there  is  evidence  of  unusual 
conditions,  such  as  the  accelerated  electron  beam  striking  slits 
or  bending  magnets,  etc.  that  are  normally  not  irradiated,  special 
surveys  should  be  made. 

2.  On  entering  the  accelerator  room  after  the  beam  has  been  on,  a 
conventional  survey  should  be  taken  to  identify  any  hot  spots  of 
induced  radioactivity  and  to  determine  general  room  background. 

3.  Most  state  and  local  regulatory  bodies  require  that  the  local 
Radiation  Safety  Officer  be  responsible  for  these  measurements 
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and  for  controlling  the  area.  It  is  customary  for  the  installation 
crew  to  have  their  own  personnel  dosimeters;  however,  the  local 
radiation  safety  office  should  also  issue  personnel  dosimeters  and 
keep  records  of  personnel  exposure  in  the  area. 
If  neutron  dose  rates  are  too  high  in  occupied  areas  it  may  be 
possible  to  put  up  some  temporary  shielding.  For  example,  sheets 
of  plywood  might  be  used  to  improve  mazes  temporarily  (See 
Section  2.3.5). 


4.    Neutron  Measurements 


4.1  Introduction 

In  neutron  monitoring  there  are  several  main  tasks  (LBL,  1973): 

1.  Measurement  of  fluence  (n  cm-2). 

2.  Measurement  of  the  neutron  spectrum  as  a  function  of  energy4 
(n  cm"2  MeV"1  s"1). 

3.  Measurement  of  the  total  dose  equivalent  or  dose  equivalent  rate 
(rem  or  rem  s"1). 

4.  Determination  of  the  response  of  neutron  detectors  to  other  types 
of  radiation  when  they  are  used  in  a  mixed  field. 

It  is  sufficient  for  medical  accelerators  to  divide  the  neutron  energy 
spectrum  into  only  two  energy  regions:  thermal  (0  to  0.5  eV)  and  fast 
(>0.5  eV). 

No  single  instrument  or  detector  will  perform  all  of  the  above  tasks 
or  cover  both  of  the  above  energy  regions.  Therefore,  detectors  must 
be  chosen  which  will  perform  the  required  tasks  based  on  some 
knowledge  of  the  energy  regions  involved. 

In  this  report,  we  will  not  attempt  an  exhaustive  discussion  of 
neutron  measurements,  but  will  discuss  methods  which  have  been  used 
to  measure  neutrons  from  medical  electron  accelerators.  Methods 
using  active  detectors  such  as  BF3  proportional  counters  have  been 
omitted  since  the  photon  fluence  inside  an  accelerator  room  is  too 
high  for  successful  use.  They  can,  however,  be  used  to  make  measure- 
ments outside  the  room. 

4.2    Activation  Detectors 


4.2. 1    Unmoderated  Activation  Detectors 

Activation  detectors  consist  of  a  material  which  becomes  radioactive 
when  exposed  to  neutrons.  The  radioactivity  may  result  from  capture 
reactions,  inelastic  scattering  leading  to  an  isomeric  state,  (n,p),  (n,a), 
or  (n,2n)  reactions,  induced  fission  or  spallation  reactions.  In  all  cases, 

4  There  are  several  different  formulations  for  expressing  neutron  spectra.  See  Sections 
2.1  and  2.2  for  examples. 
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the  detector  is  exposed  to  the  neutron  field  and  then  taken  to  a  ($-  or 
7-ray  detector  for  counting.  In  some  cases,  chemical  separation  of  the 
radioactive  material  must  be  performed  before  counting.  The  radio- 
activity of  the  activated  detector  can  be  measured  by  detection  of  the 
beta  rays  with  end  window  or  pancake  Geiger  counters,  or  measure- 
ment of  the  gamma  rays  by  sodium  iodide  crystals  or  germanium 
detectors.  The  physics  of  activation  detectors  and  the  details  of  their 
use  have  been  described  by  others  (ICRU,  1977;  Price,  1958).  There 
are  many  advantages  to  the  use  of  activation  detectors; 

1.  Because  individual  detectors  are  inexpensive,  many  of  them  can 
be  deployed  at  the  same  time.  They  are  normally  re-usable  after 
allowing  time  for  the  radioactivity  to  decay. 

2.  They  are  relatively  small  and  can  give  good  geometric  resolution 
for  neutron  fields  with  large  variations  over  small  distances. 

3.  Since  they  are  passive,  they  are  immune  to  electrical  interference 
and  most  environmental  effects,  and  can  accurately  average  in 
time  over  pulsed  or  rapidly  varying  fields. 

The  disadvantages  of  activation  detectors  include: 

1.  Unwanted  activation  products  may  interfere  with  saturation 
activity  determinations. 

2.  The  time  involved  in  analysis  delays  obtaining  the  results. 

3.  Sophisticated  counting  equipment  may  be  needed,  depending 
upon  the  activation  products. 

Those  activation  detectors  which  respond  only  to  neutrons  above 
thermal  energies  are  usually  referred  to  as  threshold  detectors. 

4.2.1.1  Thermal  Neutron  Activation  Detectors.  Some  useful  thermal 
neutron  activation  detectors  and  their  properties  are  listed  in  Table  9. 
There  are  many  others  which  could  be  used,  some  of  which  will  be 
discussed  later.  Indium  and  gold  are  among  the  most  common  detector 
materials  used  since  they  are  readily  available  and  have  high  neutron 
absorption  (Barbier,  1969).  To  compensate  for  the  finite  sensitivity  of 
these  detectors  to  higher  energy  neutrons,  covers  or  shields  of  material 
such  as  cadmium  which  would  absorb  the  thermal  neutrons  were 
introduced,  allowing  the  separation  of  the  thermal  neutrons  from  those 
neutrons  above  the  effective  energy  cutoff  of  the  cover.  Indium  is 
much  more  sensitive,  but  the  relatively  short  half-life  of  the  product 
(TV2  =  54  min)  requires  that  the  counting  equipment  be  relatively 
close  to  the  point  of  measurement.  The  2.7  day  half-life  of  198 Au,  on 
the  other  hand,  allows  counting  to  be  delayed  for  several  days. 

4.2.1.2  Threshold  Activation  Detectors.  Threshold  activation  detec- 
tors may,  in  principle,  respond  to  neutrons  of  any  energy  from  thermal 
into  very  high  energies.  Most  energy  thresholds  of  these  detectors, 
however,  are  hundreds  of  keV  or  higher.  Resonance  reactions  may  be 
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Table  9 — Useful  thermal  neutron  detectors* 


Nuclide 
or 

JLJlvllICIl  t 

Reaction 

Half  i  \fc 

rial!  Late 

of 
Nuclide 
Produced 

for 
Production 
cm2 

3He 

(n,p)3H 

12.3  y 

5327 

6Li 

(n,t)4He 

stable 

945 

10g 

(n,a:)7Li 

stable 

3837 

23Na(IS)b 

(n,7)24Na 

15.0  h 

0.534 

45Sc(IS)b 

(n,T)46Sc 

85  d 

22.3 

51y 

(n,7)52V 

3.8  min 

4.9 

55Mn(IS)b 

(n,7)56Mn 

2.58  h 

13.3 

59Co(IS)6 

(n,7)60Co 

5.24  y 

36.6 

63Cu 

(n^Cu 

12.8  h 

4.5 

ii5In 

(n,7)116mIn 

54  min 

157 

157Gd 

(n,7)158Gd 

stable 

242000 

197Au(IS)6 

(n,7)198Au 

2.70  d 

98.8 

236JJ 

fission 

many 

577 

a  Adapted  from  ICRU  (1969). 

b  (IS)  denotes  natural  monoisotopic  element. 


used  for  detection  of  the  lower  energy  fast  neutrons;  however,  many 
detectors  may  be  required  for  adequate  representation  of  the  neutron 
spectrum  in  this  range.  For  a  discussion  of  resonance  detectors,  their 
use  and  analysis,  the  reader  may  refer  to  an  International  Atomic 
Energy  Agency  report  on  fluence  measurements  (IAEA,  1970). 

Fast  neutron  fluence  is  commonly  measured  with  threshold  detec- 
tors which  require  neutrons  above  some  minimum  energy  for  activa- 
tion. Most  detectors  have  thresholds  above  2  MeV.  There  is  an  energy 
region  between  that  of  the  resonance  detectors  (E  <  0.01  MeV)  and 
that  of  threshold  detectors,  including  fission  detectors  with  a  threshold 
of  about  0.7  MeV,  where  it  is  difficult  to  make  measurements. 

ICRU  Report  26  gives  the  cross  sections  of  many  commonly  used 
reactions  (ICRU,  1977).  Table  10  gives  the  half-lives  of  the  product 
nuclides  and  threshold  energies  of  several  useful  threshold  reactions. 
Some  of  the  more  useful  threshold  reactions  are  discussed  further 
below. 

The  32S(n,p)32P  reaction  has  been  used  to  measure  fast  neutron  flux 
around  accelerators.  The  technique  has  several  useful  characteristics 
(Patterson  and  Thomas,  1972): 

1.  Total  integral  fluence  for  a  period  up  to  one  week  can  be  obtained. 

2.  32P  is  a  beta  emitter  and  can  be  separated  from  the  sulfur  by 
careful  ignition  of  the  sample  to  volatilize  the  sulfur  as  sulfur 
dioxide,  if  greater  sensitivity  is  required. 

3.  The  cross  section  is  well  known  and  is  given  in  Appendix  E, 
ICRU  Report  26  (ICRU,  1977). 
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Tart  v  1 0  

r  Uot  fWLllf  Ull  till  KotlUUX  /  euCUU/W 

Reaction 

Half  Life 

Effective  threshold 

IVlc  V 

19F(n,2n)14F 

110  min 

12.1 

24Mg(n,p)24Na 

15.0  h 

7.0 

27Al(n,p)27Mg 

9.46  min 

4.5 

27Al(n,«)24Na 

15.0  h 

7.1 

31P(n,p)31Si 

2.62  h 

2.4 

32S(n,p)32P 

14.3  d 

2.7 

46Ti(n,p)46Sc 

83.8  d 

3.8 

54Fe(n,p)54Mn 

313  d 

3.3 

55Mn(n,2n)54Mn 

313  d 

11.5 

56Fe(n,p)56Mn 

2.59  h 

6.1 

58Ni(n,p)68Co,  68mCo 

71.3  d,  9.15  h 

2.8 

58Ni(n,2n)57Ni 

36.0  h 

12.3 

63Cu(n,2n)62Cu 

9.76  min 

12.4 

64Zn(n,p)64Cu 

12.7  h 

4.0 

65Cu(n,2n)64Cu 

12.7  h 

11.2 

103Rh(n,n')103mRh 

56.1  min 

0.7 

107Ag(n,2n)106Ag 

24.1  min 

10.7 

115In(n,n' )115raIn 

4.50  h 

1.4 

1  97t  /               \  1  9fir 

127I(n,2n)126I 

12.8  d 

11.5 

232Th(n,f)  fission  products 

1.4 

237Np(n,f)  fission  products 

0.7 

238U(n,f)  fission  products 

1.4 

a  Adapted  from  ICRU,  1977. 


4.  32P  has  a  relatively  long  half-life  of  14.3  days. 

The  27Al(n,a;)24Na  reaction  can  be  used  to  detect  neutrons  above  7.1 
MeV.  The  useful  characteristics  include  the  following  (Patterson  and 
Thomas,  1973): 

1.  24Na  has  a  convenient  half-life  of  15  hours. 

2.  24Na  emits  two  energetic  photons  (1.37  and  2.75  MeV)  making  it 
possible  to  use  thick  samples. 

3.  Samples  are  readily  available. 

4.  Cross  section  information  is  available  in  Appendix  E  of  ICRU 
Report  26  (ICRU,  1977). 

The  12C(n,2n)nC  reaction  can  be  used  to  monitor  neutrons  above 
about  20  MeV.  The  reaction  has  the  following  useful  characteristics 
(Patterson  and  Thomas,  1973): 

1.  nC  is  a  positron  emitter  with  an  Emax  of  0.98  MeV  and  a  half-life 
of  20.34  minutes. 

2.  The  carbon  can  be  used  in  the  form  of  plastic  scintillators  and 
activity  is  easily  counted  in  the  laboratory. 

3.  The  cross  section  is  well  known. 

Various  types  of  fast  neutron  activation  detectors  have  been  used 
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to  monitor  neutrons  in  the  vicinity  of  high-energy-electron  accelera- 
tors (Laughlin,  1951;  Ernst  and  Ovadia,  1956;  Frost  and  Michel,  1964; 
Brenner,  1965;  Adams  and  Paluch,  1965;  Fox  and  McAllister,  1977; 
Stranden,  1977b;  Deye  and  Young,  1977;  Price  et  aL,  1978a;  1978b; 
Gur  et  aL,  1978a;  1978b;  1979;  Nath  et  aL,  1979;  McGinley  and  Sohrabi, 
1979).  Neutron  fluence  was  measured  near  the  target  area  of  a  35  MeV 
betatron  using  a  variety  of  threshold  detectors;  however,  due  to  photon 
interference  only  aluminum  and  red  phosphorus  provided  useful  in- 
formation (Brenner,  1965).  Price,  Holeman  and  Nath  further  devel- 
oped the  phosphorus  in  the  form  of  a  P205  detector  and  evaluated  the 
photon  interference  (Price  et  aL,  1978b).  The  P205  detector  has  been 
used  in  the  beam  and  adjacent  to  the  beam  of  several  medical  accel- 
erators (Price  et  aL,  1978a;  McGinley  and  Sohrabi,  1979).  The  extent 
of  photon  interference,  i.e.,  responses  produced  by  photons  that  may 
be  mistaken  for  responses  produced  by  neutrons,  is  difficult  to  assess 
when  activation  detectors  are  used  to  measure  neutron  fluences  around 
medical  accelerators.  The  interference  may  result  from  (7,n),  (7,2n), 
(7,p),  and  (7,np)  reactions  producing  activation  of  the  detector  or 
detection  of  the  neutrons  resulting  from  these  reactions.  When  P205 
is  exposed  to  an  accelerator  field,  it  has  been  shown  that  all  activation 
products  have  either  short  half-lives  or  are  stable  except  for  31Si  and 
32P  (Price  et  aL,  1978b).  There  are  no  direct  photonuclear  reactions 
which  will  produce  these  two  products.  The  photon  interference  has 
been  evaluated  experimentally  at  a  25  MeV  medical  linear  accelerator 
and  found  to  be  less  than  4%  (Price  et  aL,  1978b). 

An  important  assumption  in  the  determination  of  the  fast  neutron 
fluence  is  the  shape  of  the  neutron  energy  spectrum  used  in  evaluating 
the  activities  produced  in  the  phosphorus.  Several  different  neutron 
sources  have  been  considered,  in  order  to  estimate  the  uncertainty  in 
determining  the  fast  neutron  fluence  using  the  phosphorus  technique 
when  the  neutron  energy  spectrum  is  unknown,  with  favorable  results 
(Price  et  aL,  1978a;  1978b).  If  attempting  to  assess  the  total  neutron 
dose  equivalent  relying  only  on  phosphorus  activation  data,  knowledge 
of  the  complete  neutron  spectrum  is  required.  The  error  involved  in 
determining  the  total  neutron  dose  equivalent  is  highly  dependent 
upon  the  accuracy  of  the  assumed  spectrum.  Threshold  detectors,  with 
thresholds  above  2  MeV,  are  difficult  to  use  for  measuring  spectra 
from  medical  linear  accelerators  (Tochilin  and  LaRiviere,  1979).  It 
can  be  shown  that  the  major  portion  of  a  shielded  neutron  leakage 
spectrum,  from  a  15  MeV  photon  mode  machine,  falls  below  2  MeV. 
Errors  are  introduced  into  the  P205  technique  as  the  neutron  spectrum 
becomes  moderated.  However,  in  the  beam,  where  there  is  a  larger 
fraction  of  higher  energy  neutrons  and  for  higher  energy  machines 
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(such  as  25  MeV)  using  an  assumed  spectrum,  the  P205  technique  has 
been  demonstrated  to  give  accurate  results  (Price  et  al,  1978a;  1978b). 

4.2.2    Moderated  Foil  Detectors 

One  method  of  measuring  fast  neutrons  is  to  use  hydrogenous 
material  to  moderate  the  neutrons  and  produce  a  thermal  fluence 
inside  the  moderator.  A  detector  which  responds  to  the  thermal 
neutrons  is  placed  in  the  center  of  this  moderator.  The  response,  as  a 
function  of  neutron  energy,  depends  upon  the  shape  and  composition 
of  the  moderator.  One  such  detector  uses  a  thermal-neutron  activation 
foil.  Materials  which  have  been  used  for  the  moderator  include  poly- 
ethylene, paraffin,  and  water.  There  have  been  many  different  foils 
used  for  activation  detectors  within  these  moderators,  including  in- 
dium and  gold.  Moderators  may  be  designed  to  allow  the  measurement 
of  fluence  or  dose  equivalent,  independently  of  neutron  energy;  in  each 
case,  however,  the  desired  aim  is  only  approximated.  There  is  usually 
a  decrease  in  sensitivity  for  both  low  and  very  high  energies. 

Among  moderators  that  have  been  designed  to  achieve  a  constant 
response  per  unit  fluence  for  neutrons  of  different  energies,  is  a 
cylinder  of  polyethylene  15  cm  in  diameter  and  15  cm  high  covered 
with  cadmium  (0.5-0.8  mm)  which  absorbs  all  incident  thermal  neu- 
trons (Stephens  and  Smith,  1958;  Smith,  1960).  These  moderators  are 
relatively  inexpensive  to  make  and  a  large  number  of  them  can  be 
distributed  for  simultaneous  exposure.  They  are  commercially  avail- 
able. 

There  are  several  examples  of  moderated  detectors  which  have  been 
designed  to  have  a  constant  response  per  unit  of  dose  equivalent  of 
neutrons  independent  of  energy.  All  commercial  versions  of  these  have 
been  designed  to  incorporate  active  thermal  neutron  detectors,  for 
example,  BF3  proportional  counters.  However,  it  is  possible  to  use 
them  also  with  passive  thermal  neutron  detectors,  such  as  activation 
foils  (Rogers  and  VanDyk,  1981).  This  type  of  moderator-detector 
combination  is  often  called  a  rem  meter.  Examples  are  the  Andersson- 
Braun,  and  the  Hankins  rem  meters  (Andersson  and  Braun,  1963; 
Hankins,  1968b).  The  disadvantages  of  the  rem  meter  types  of  mod- 
erator are  that  they  are  usually  too  complicated  for  the  user  to  build 
and  must  be  purchased.  They  are  not  very  sensitive,  so  they  require 
long  exposure  times,  and  they  are  too  expensive  to  buy  in  the  quantities 
needed  for  large  number  of  measurements  at  one  exposure. 

All  of  these  moderated  foil  detectors  have  some  distinct  advantages 
in  use  around  medical  accelerators.  First,  the  pulsed  nature  of  the 
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radiation  causes  no  problem.  Second,  the  detectors  are  insensitive  to 
interference  from  associated  radio  frequency  fields  and  to  interference 
from  photons  except  for  possible  photoneutron  reactions  in  the  detec- 
tor materials,  themselves.  There  have  been  several  publications  which 
have  considered  the  photon  response  of  moderated  foil  detectors  due 
to  photoneutron  production  in  the  detector  (McCall  et  aL,  1976; 
Kushelevsky  and  Shani,  1976;  Axton  and  Bardell,  1978).  The  disad- 
vantages of  moderated  foil  detectors  include  the  relatively  large  size 
which  limits  the  geometrical  definition,  their  weight  and  bulk  in 
moving  them  from  site  to  site,  and  the  decay  time  necessary  before 
the  foils  can  be  used  again. 


4.2.3   Neutron  Spectral  Measurements 

The  Bonner  multisphere  spectrometer  has  been  used  for  measure- 
ment of  neutron  spectra  over  a  wide  energy  range  (Bramblett  et  aL, 
1960).  It  consists  of  the  bare  thermal  neutron  detector,  a  0.03  inch 
thick  cadmium  cap,  and  six  polyethylene  moderating  spheres  (2,  3,  5, 
8,  10  and  12  inch  diameter).  The  spectrometer  has  been  used  by 
laboratories  throughout  the  world  to  measure  neutron  spectra  from 
heavily  shielded  reactors  as  well  as  from  accelerators  (Hankins  and 
Pederson,  1963;  Distenfeld  et  aL,  1967;  Burrus,  1962;  O'Brien  et  aL, 
1965;  McGuire,  1966;  Stevenson,  1967;  Overly  et  aL,  1967;  Hankins, 
1968a).  A  variety  of  different  detectors  has  been  used  inside  the 
polyethylene  spheres,  e.g.,  thermal  activation  foils,  active  detectors 
and  thermoluminescent  dosimeters  (Distenfeld  et  aL,  1967;  O'Brien  et 
aL,  1965). 

The  neutron  spectrum  is  unfolded  by  an  iterative  technique  (O'Brien 
et  aL,  1965;  Watkins  and  Holeman,  1968;  Sanna,  1976).  The  spectrom- 
eter has  been  thoroughly  investigated  using  known  test  spectra,  in- 
cluding comparison  with  results  from  the  time -of- flight  technique,  and 
found  to  be  a  reliable  low-resolution  system  (Stevenson,  1967;  Aws- 
chalom,  1966;  Overly  et  aL,  1967;  Hankins,  1968a;  Weinstein  et  aL, 
1969;  Watkins  and  Holeman,  1968;  Holeman  et  aL,  1977). 

Spectral  measurements  in  a  medical  linac  beam  were  attempted  but 
failed  because  of  interference  from  (7,n)  reactions  in  the  cadmium, 
unequal  photonuclear  cross  sections  of  the  6Li  and  7Li  TLD's  used, 
and  possible  (7,n)  reactions  in  the  polyethylene  spheres.  For  spheres 
located  outside  the  linac  photon  beam,  there  was  no  indication  of  such 
interference  (Holeman  et  aL,  1977).  Other  investigators  have  studied 
the  in-beam  interference  with  conflicting  results  (Axton  and  Bardell, 
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1972;  1978;  1979;  Kushelevsky  and  Shani,  1976;).  See  Table  11  for  a 
comparison  of  various  in-and  near-beam  measurements  of  neutron 
dose  equivalent  rates. 


4.2.4    Data  Collection 

For  every  irradiation  of  activation  detectors,  one  should  record  the 
following  (IAEA,  1970): 

1.  The  location  of  each  detector. 

2.  The  irradiation  interval,  specifying  the  starting  and  finishing 
times  of  this  interval. 

3.  The  machine  parameters. 

In  cases  where  they  are  variable,  the  following  additional  data  may  be 
useful: 

1.  Experimental  layout. 

2.  Machine  configuration. 

If  the  data  are  to  be  reanalyzed  in  the  future  for  some  reason,  it  has 
been  recommended  that  the  following  data  be  preserved  (IAEA,  1965; 
IAEA,  1970): 

1.  Detector  data:  mass,  dimensions,  chemical  and  isotopic  compo- 
sition. 

2.  Positioning  data:  description  or  drawing  of  irradiation  geometry, 
type  and  dimensions  of  detector  holders,  covers  and  shields. 

3.  Irradiation  data:  duration  of  irradiation,  time  from  the  end  of  the 
irradiation  until  counting,  counting  time,  variations  in  exposure, 
if  any. 

4.  Counting  data:  equipment,  counting  efficiency,  calibration  meth- 
ods, traceability  of  calibration  standards  used,  activity  at  the 

Table  11 — Comparison  of  various  methods  for  neutron  measurements  in  and  near  the 


treatment  beam  of  a  25  Me  V  linear  accelerator 


Neutron  Dose  Equivalent  Rate  (rem/min) 

Method 

At 

at  50  cm 

at  1  m 

Reference 

Isocenter 

to  the  side 

to  the  side 

P205 

3.04 

1.52 

0.8 

Price  et  al,  1978a;  1978b 

Multisphere 

1.04 

0.82 

Nath  et  a/.,  1979 

Moderator-Ail8 

2.25 

1.97 

McCall,  1977 

Track  Etch 

1.40 

Wilenzick  et  al,  1973 

Note:  Photon  beam  dose  rate  was  400  rad/min  at  a  distance  of  105  cm. 
8  Moderators  and  gold  activation  foils  interpreted  with  the  aid  of  Monte  Carlo 
calculation. 
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time  of  counting,  the  calculated  saturation  activity  at  the  time  of 
counting,  the  calculated  saturation  activity  per  gram  of  target 
material  (specifying  the  decay  constant  used  in  the  calculation), 
measured  or  estimated  amounts  of  impurity-induced  activities  or 
interference. 

5.  Correction  data:  corrections  applied,  if  any. 

6.  Final  data:  value  of  cadmium  ratio,  if  determined,  values  of 
fluence  (specifying  the  integral  cross  section  values  used  and 
appropriate  references),  error  values  associated  with  the  various 
measured  and  calculated  quantities,  dose  conversion  factors  used 
to  convert  from  fluence  to  absorbed  dose  or  dose  equivalent,  and 
quality  factors  used  or  assumed. 


4.3    Etched  Track  Detectors 


4.3.1  Introduction 

The  etched  track  detectors  are  based  upon  the  fact  that  microscopic 
radiation  damage  tracks  are  formed  in  solids  which  have  been  irradi- 
ated with  heavy  particles.  If  the  solids  are  then  etched,  the  tracks  are 
etched  faster  than  the  undamaged  portion  and  become  visible  under  a 
microscope  (Young,  1958).  Tracks  can  be  made  visible  in  a  variety  of 
dielectric  materials  including  minerals  (mica),  natural  and  artificial 
inorganic  glasses,  and,  especially,  organic  polymers  which  have  proven 
to  be  considerably  more  sensitive  than  the  inorganic  detectors. 

In  general,  two  types  of  etched  track  detectors  have  been  used.  The 
first  consists  of  combinations  of  suitable  fissile  elements  and  fission - 
fragment  detectors  such  as  polycarbonate  foils.  This  type  of  detector 
represents  one  of  the  most  sensitive,  accurate  and  simple  methods  for 
integrating  fast-neutron  doses.  It  has  been  used  around  medical  accel- 
erators as  ordinary  soda-lime-silica  glass  in  which  1%  of  uranium  in 
the  form  of  uranium  oxide  has  been  mixed  (Lofgren  and  Spring,  1970), 
and  Lexan®  (polycarbonate  plastic)  sandwiched  between  depleted 
uranium  foils  (Kehrer  and  Robinson,  1972;  Wilenzick  et  ai,  1973). 
Figure  37  shows  an  example  of  the  track  detectors  used  by  Wilenzick 
et  al. 

The  second  type  depends  upon  the  direct  interaction  of  fast  neutrons 
with  a  sensitive  polymer  foil,  and  is  a  less  expensive  and  simpler 
system  than  the  previous  one.  This  system  has  been  used  with  poly- 
carbonate foils  (Sohrabi  and  Morgan,  1979). 
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Fig.  37.  Photograph  of  four  silicon  diode  dosimeters  (at  bottom)  and  track  detector 
components  consisting  of  Lucite®  case,  uranium  foil,  Lexan®  disc  and  lucite  retainer 
(Wilenzick  et  ai,  1973). 


4.3.2    Fission- Fragment  Track- Etching  Dosimeters 

An  extensive  discussion  and  review  of  these  dosimeters  has  been 
published  (Becker,  1973).  The  use  of  these  systems  can  be  divided  into 
three  parts:  exposure,  etching  and  counting.  Table  12  contains  some 
etching  procedures  that  have  been  suggested  for  fission-fragment 
detectors  (from  Becker,  1973).  Both  inorganic  and  organic  materials 
have  been  used  and  a  wide  variety  of  etching  conditions  have  been 
reported.  The  data  are  chosen  somewhat  arbitrarily  and  optimum 
etching  conditions,  if  they  exist,  may  differ  from  those  indicated.  Each 
system  must,  therefore,  be  evaluated  separately.  For  example,  Wilen- 
zick et  al.  etched  their  Lexan  dosimeters  in  28%  KOH  for  60  minutes 
at  60 °C  using  ultrasonic  agitation,  which  is  different  from  the  tech- 
nique recommended  in  Table  12  (Wilenzick  et  ai,  1973).  The  counting 
method  dictates  the  etching  method  used.  If  a  microscope  is  used,  then 
the  tracks  must  be  clearly  visible  using  an  appropriate  magnification. 
Table  13  lists  some  methods  for  automatic  track  counting  with  the 
most  elegant  method  being  based  on  the  counting  of  electrical  dis- 
charges occurring  through  the  etched  perforations  in  the  foils  (Cross, 
1970;  Cross  and  Tommasino,  1970).  However,  for  most  applications 
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TABLE  12 — Recommended  etching  conditions  for  fission-fragment  track  etching 
in  some  dielectrics 


Material 


Etchant  Composition,  etching 
time,  and  temperature  (°C) 


A.  Inorganics 

Mica  (lepidolite) 

Mica  (muscovite) 


Mica  (phlogopite) 


Quartz  (Si02) 
Borate  glass 

Obsidian  (vulcanic  glass) 

Phosphate  glass 

Silica  glass  (fused  quartz) 

Soda-lime  glass  (microscope  slide, 
window  glass) 
B.  Organics 

Cellulose  acetate  (Kodacel®, 
Triafol  T®) 

Cellulose  acetate  butyrate 
(Triafol  B®) 

Cellulose  nitrate  (DaiCell®,  Nixon- 
Baldwin) 


Cellulose  propionate  (Cellidor®) 
Cellulose  triacetate  (Kodacel 
TA401®,  Triafol  NT®) 

Cormophenol  (Ambrohthe®,  Pheno- 
plaste®) 

Ionomeric  polyethylene  ( Surly n®) 

Polyimide  (H-film) 
Polycarbonate  (Lexan®,  Makrofol®, 
Kimfol®,  Merlon®) 


Polyethylene 


Polyethylene  terephthalate  (Mylar®, 
Chronar®,  Melinex®) 


15%  HF,  20  s,  50° 
48%  HF,  3  70  s,  23° 
f  20%  HF,  2  h,  23° 
J  20%  HF,  12  min,  52° 
]  15%  HF,  20  min,  50° 
1 48%  HF,  10-40  min,  23' 
f  20%  HF,  5  min,  23° 
1  15%  HF,  1  min,  50° 
148%  HF,  1-5  min,  23° 
48%  HF,  24  h,  23° 
H20,  1  min,  23° 
48%  HF,  30  s,  23° 
48%  HF,  5-20  min,  23° 
48%  HF,  1  min,  23° 
5%  HF,  2  min,  23° 


[  28%  KOH,  30  min,  60° 
I  NaC03,  30  min,  100° 
f  6.25  NaOH,  12  min,  70° 
1  (KMn04,  NaCIO) 

6.25  N  NaOH,  2  min,  70° 

6.25  N  NaOH,  4  min,  55° 

6.25  N  NaOH,  2-4  h,  23° 

28%  KOH,  30  min,  23° 
L(KMn04,  NaCIO,  K2Cr207) 

28%  KOH,  100  min,  60° 
f  6.25  N  NaOH  +  15%  NaCIO  (2:1  to 
\     1:3),  40° 

I  28%  KOH,  60  min,  60° 
NaOH,  1  h,  40° 

f  10gK2Cr2O7  +  35  cm3  30%  H2S04,  1  h, 
1  50° 

KMn04  (25%aq),  1.5  h,  100° 
f  6.25  N  NaOH,  20  min,  50°,  33  cm3  30% 
J     H2S04  +  K2Cr207  (10g),  2  h,  85° 
]  (6.25  N  NaOH),  2  h,  23° 
1 2.5  N  NaOH  +  4%  Benax,  20  min,  70° 
r  10g  K2Cr207  +  35  cm3  30% 
J     H2S04,  30  min,  85° 
1  lOg  K2Cr207  +  5  cm3  30% 
I    H2S04  +  29  g  H20,  90° 

6.25  N  NaOH,  10  min,  70° 

KMn04  (25%),  1  h,  55° 
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Table  12— Continued 


Material 

Polymethylmethacrylate  (Plexiglas®, 

Lucite®) 
Polyoxymethylene  (Delrin®) 
Polyphenoxide 
Polystyrene 

Polyvinylacetochloride 
Polyvinylchloride 

Polyvinyl  toluene 
Silicone-polycarbonate  copolymer 
Silicone-cellulose  copolymer 


Etchant  Composition,  etching 
time,  and  temperature  (°C) 

KMn04  (sat),  50  min,  85° 

5%  KMn04,  10  h,  60° 
KMn04,  (25%  aq),  4  min,  100° 
KMn04  (sat),  2.5  h,  85° 
10  g  K2Cr207  +  35  cm3,  30%  H2S04,  3  h, 
85° 

KMn04  (25%  aq),  30  min,  100° 
KMn04  (sat),  2.5  h,  85° 
KMn04  (25%  aq),  2  h,  55° 
KMn04  (sat  aq),  30  min,  100° 
6.25  NaOH,  20  min,  50° 
8N  NaOH  +  Benax,  3  h,  85° 


Table  13 — Some  methods  for  automatic  track  or  etch  fit  counting  in  solids 


Microscopic  techniques  Macroscopic  techniques 


For  low  track  den- 
sities 

For  high  track  densities 

1, 

Electrooptical  scan- 

1. 

Dye,  gas,  or  reac- 

1. 

Light  scattering  at  etched 

ning  devices 

tive  chemical 

surface 

penetration 

through  perfora- 

tions in  mem- 

branes 

2. 

Microdensitometry 

2. 

Light  penetration 

2. 

UV  penetration  through  per- 

through one-side 

forated  foils 

etched,  other-side 

aluminized  thin 

foils 

3. 

Measurement  of 

3. 

Electric  discharges 

3. 

Light  absorption  thin  dyed 

scattered  light  in 

(sparks)  through 

foils 

dark-field  micro- 

perforations 

scope 

a.  Scanning  elec- 

a. Pulse-count- 

trode 

ing  type 

b.  Fixed  elec- 

b. Integral  inten- 

trodes 

sity 

4. 

Particle  or  electron 

4. 

Dielectric  constant  or  resist- 

penetration 

ance  across  perforated  foil 

through  perfo- 

rated foils 

5. 

Fraunhofer  diffraction  of 

laser  light 
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visual  counting  with  a  microscope  is  quite  suitable.  A  precision  reticle 
and  stage  micrometer  will  enable  an  accurate  measurement  of  track 
number  per  unit  area. 

It  has  been  observed  that  the  track  density  for  the  neutron  energy 
of  interest  can  be  equated  to  the  neutron  fluence  by  a  constant, 
weighted  by  the  fission  cross  section  of  the  fissile  material  (Becker, 
1965;  1966).  This  is  because  the  detection  efficiency  of  organic  detec- 
tors, as  well  as  the  range  and  energy  distribution  of  the  fission  products 
in  the  common  fissile  materials,  are  relatively  constant.  For  fission - 
foil  thicknesses  that  exceed  the  maximum  range  of  the  fission  frag- 
ments (about  10  mg/cm2)  and  that  do  not  significantly  depress  the 
neutron  flux  by  absorption,  the  sensitivity  of  the  dosimeter  is  always 
approximately  1.16  X  10"5  tracks/neutron-barn)  (Pretre  et  aL,  1968). 

The  detectors  can  be  calibrated  against  a  neutron  source,  e.g.,  Am- 
Be  (Lofgren  and  Spring,  1970)  or  252Cf  (Wilenzick  et  aL,  1973).  The 
fluence  response  curve  for  the  uranium-Lexan®  dosimeter  is  shown 
in  Figure  38.  For  these  measurements,  a  conversion  from  fluence  to 
dose  was  made  using  the  252Cf  conversion  factor  of  3.0  ±  0.1  X  10~9 
rad  n-1  cm2  (Stone  et  aL,  1970).  Between  4  and  300  rad,  the  sensitivity 
of  track  detectors  was  found  to  be  approximately  linear  with  dose, 
with  3.46  X  10"6  tracks  per  incident  neutron  of  252Cf.  This  value  is 
consistent  with  the  sensitivity  given  above  (Pretre  et  aL,  1968)  using 
an  effective  cross-section  of  252Cf  above  the  1.5  MeV  (n,f)  threshold  of 
0.54  barns  and  assuming  that  55.3%  of  the  252Cf  neutrons  have  energies 
greater  than  that  value  (Prince,  1969). 

4.3.2.1  Photofission  Corrections.  The  registration  of  tracks  from 
photofission  reactions  in  uranium  is  a  serious  problem  that  is  encoun- 
tered with  the  use  of  track  detectors  in  intense  photon  fields  (Kehrer 
and  Robinson,  1972).  The  cross-section  for  photofission,  which  com- 
petes with  neutron -induced  fission  at  photon  energies  above  approxi- 
mately 7  MeV,  has  a  maximum  value  of  175  mb  at  14.3  MeV  (Caldwell 
et  aL,  1980).  Since  the  average  cross  section  for  the  238U  (n,f)  reaction 
above  1.5  MeV  is  540  mb,  it  is  evident  that  the  (y,f)  process  is 
significant.  Consequently,  neutron  measurements  in  the  primary  pho- 
ton beam  cannot  be  made  with  track  detectors,  and  in  order  to  use 
track  detectors  outside  of  the  primary  beam,  it  is  necessary  to  correct 
for  photofission  tracks  produced  by  accelerator  leakage  photons. 

4.3.3    Direct  Interaction  Track-etch  Dosimeters 

Two  types  of  direct  interaction  track-etch  dosimeters  have  been 
used.  Sohrabi  and  Morgan  (1978)  have  studied  the  basic  characteristics 
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Fig.  38.  Calibration  curve  for  uranium -Lexan®  track  dosimeters,  as  measured  with 
a  252Cf  neutron  source  in  air.  Experimental  points  (±  one  standard  error)  are  shown  for 
foils  of  natural  uranium,  cadmium-covered  natural  uranium,  and  highly  depleted  ura- 
nium 238U.  The  solid  curve  is  a  least-squares  fit  to  the  data  points.  The  dashed  segment 
of  the  curve  is  an  extrapolation  of  the  computer  fit  into  the  region  of  low  track  densities 
where  experimental  data  could  not  be  obtained  reliably  because  of  the  low  neutron 
fluence  and  the  track  density  background. 


of  polycarbonate  for  neutron  dosimetry  using  the  electrochemical 
etching  (ECE)  method  (Tommasino,  1970;  Tommasino  and  Armellini, 
1973).  Polycarbonate  is  composed  of  hydrogen,  carbon  and  oxygen 
atoms  and  under  neutron  bombardment  the  fast  neutrons  produce 
charged  recoil  and  (n,a)  particle  tracks  by  interacting  with  the  atomic 
constituents  of  the  polymer.  The  carbon  and  oxygen  recoils  and  alpha 
particles  leave  damaged  regions  which  become  observable  after  suitable 
etching.  However,  there  is  no  evidence  that  protons  register  in  poly- 
carbonate and  it  is  generally  considered  insensitive  to  protons.  In  the 
ECE  method,  the  foils  are  held  in  the  etchant  and  an  AC  high  voltage 
is  applied  across  the  chamber  through  two  stainless-steel  electrodes. 
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Figure  39  shows  a  microphotograph  of  fast-neutron  recoil  particle 
tracks  in  a  250  jitm  thick  polycarbonate  foil  eiectrochemically  etched 
in  28%  KOH  solution  at  25°C  applying  800  V  for  a  field  strength  of 
32  kV  cm-1  at  2  kHz  for  4  hours. 

The  dosimeters  have  a  response  approximately  proportional  to 
neutron  dose-equivalent  from  1  MeV  up  to  20  MeV.  The  track  density 
can,  therefore,  be  converted  to  neutron  dose  equivalent  by  a  conversion 
factor  of  105  tracks  per  cm2  per  rem.  There  is  no  post-irradiation 
fading,  but  care  must  be  taken  in  selecting  a  polymer  that  has  a 
negligible  or  reproducible  low-background  track  density,  since  defects 
such  as  cracks  or  scratches  will  be  amplified  by  the  ECE  method.  In 
general,  the  foils  should  be  masked  on  both  sides,  in  which  case  a 
background  track  density  of  approximately  1  track  per  cm2  is  found. 

In  these  polymers,  the  sensitivity  to  photon  radiation  will  be  en- 
hanced if  the  photon  dose  is  high  enough  to  simulate  the  threshold 
dose  delivered  to  the  polymer  by  a  charged  particle  along  its  trajectory. 
The  critical  dose  has  been  calculated  to  be  about  7.5  X  106  rad  in 
polycarbonate  (Katz  and  Kobetich,  1968).  When  the  photon  dose 
approaches  this  value,  the  surface  or  bulk  etching  rate  will  be  en- 
hanced. Photonuclear  reactions  have  also  been  investigated  but,  due 
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Fig.  39.  Micrograph  of  fast-neutron  induced  recoil  particle  tracks  in  250  fim  thick 
polycarbonate  foils  eiectrochemically  etched  in  28%  KOH  solution  at  25°C  applying  800 
V  at  2  kHz  for  4  h. 
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to  the  very  small  mass  in  the  polymer  and  the  threshold  energies  and 
cross-sections  involved,  contributions  from  photonuclear  reactions  are 
considered  insignificant. 

A  new  carbonate  plastic  known  as  CR-39  has  been  developed  which, 
when  used  as  a  nuclear  track  detector  and  properly  treated,  is  capable 
of  detecting  recoil  protons.  Using  the  ECE  parameters  employed  for 
the  polycarbonate  foils  described  above,  the  shape  of  the  etched  tracks 
in  CR-39  differs  slightly  from  that  for  the  polycarbonate  foils.  By  pre- 
etching  in  6N  KOH  for  five  hours  at  60°C,  the  neutron-induced  track 
density  can  be  increased  by  a  factor  of  50  to  100  over  that  obtained 
with  no  pre-etching.  This  should  allow  the  CR-39  plastic  to  detect 
fast-neutron  doses  as  low  as  10  mrem  (Sohrabi  and  Morgan,  1979). 
The  pre-etching  also  significantly  improves  the  quality  of  the  back- 
ground. The  threshold  of  this  detector  is  approximately  100  keV,  so 
that  the  energy  threshold  is  reduced  by  a  factor  of  10  or  more  compared 
with  that  of  the  more  conventional  detectors. 


4.4  Diodes 

Neutron -induced  nuclear  reactions,  elastic  scattering  of  heavy 
charged  particles,  and,  to  a  much  smaller  degree,  high  energy  electrons 
can  produce  measurable  changes  in  the  electrical  properties  of  various 
semiconductors.  The  most  common  type  of  radiation  damage  is  the 
displacement  of  lattice  atoms.  The  vacancies  created  and  the  displaced 
atoms  disrupt  the  conductivity  of  excess  charge  carriers  in  the  base  of 
the  junction.  Thus,  a  measure  of  the  change  in  conductance  can  be 
correlated  with  the  neutron  damage  in  the  crystal.  A  means  of  moni- 
toring the  damge  is  to  measure  the  increase  in  forward  voltage  at  a 
constant  current.  The  detectors  are  small  p-i-n  silicon  diodes  enclosed 
in  silicon  rubber  and  coatings  of  epoxy  resin  (see  Figure  37). 

The  change  in  forward  voltage  of  a  diode  can  be  measured  by 
applying  a  constant  current  of  25  mA  (±0.1%)  before  and  after 
exposure  to  neutrons  and  observing  the  potential  drop  with  a  4-figure 
digital  voltmeter.  A  low  current  level  and  a  rapid  read-out  procedure 
must  be  utilized  to  minimize  heating  of  the  diode  while  still  providing 
acceptable  sensitivity  to  small  voltage  differences.  The  precision  of 
the  read-out  system  is  better  than  ±3%,  based  upon  the  reproducibility 
of  multiple  readings.  Because  of  fading  effects  from  ambient  annealing, 
it  is  necessary  to  maintain  a  fixed  post-exposure  read-out  time.  For  a 
given  dose,  the  minimum  spread  in  diode  response  occurs  at  48  h  after 
the  end  of  exposure;  consequently,  that  time  should  be  used  for  all 
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measurements.  The  pre-exposure  voltage  dependence  of  the  diode 
response  can  be  eliminated  by  normalizing  the  neutron  induced  voltage 
change  to  the  pre-exposure  voltage. 

The  voltage  sensitivity  of  the  diodes  as  a  function  of  neutron  dose 
is  shown  in  Figure  40  (Wilenzick  et  al,  1973).  The  calibration  curve 
for  the  track  detectors  is  also  shown  for  comparison.  For  a  monitoring 
current  of  25  mA,  the  diode  sensitivity  to  primary  fission  neutrons  is 
1.28  mV  per  tissue  rad  over  the  range  of  3-100  rad.  A  nonlinear 
calibration  curve  extends  the  range  to  more  than  103  rad. 

The  photon  and  electron  responses  of  silicon-diode  neutron  detec- 
tors have  been  investigated  (McCall  et  al.,  1978a;  Almond,  1975).  The 
main  mechanism  for  producing  a  response  in  the  diode  has  been  shown 

xlO5  xlO3 


Neutron  Dose  (rods) 

Fig.  40.  Comparison  of  calibration  curves  for  track  detectors  (a)  and  silicon  (b), 
as  measured  with  a  252Cf  neutron  source  in  air.  The  diode  voltage  sensitivity,  AV/V0,  is 
the  change  in  diode  forward  voltage  before  and  after  irradiation,  divided  by  the  pre- 
irradiation  voltage  (Wilenzick  et  al.,  1973). 
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to  be  the  displacement  of  silicon  atoms  by  scattering  of  electrons, 
although  in  very  high  photon  fluxes,  the  photoneutron  reaction  may 
also  be  detectable.  The  diode  systems  are,  therefore,  not  suitable  for 
measurement  of  neutrons  directly  in  the  photon  beam  but  do  give 
good  agreement  with  other  methods  outside  the  main  photon  beam. 


4.5    Ionization  Detectors 


4.5.1  Introduction 

Ionization  detectors  include  ionization  chambers,  proportional 
counters  and  Geiger-Muller  counters.  In  essence,  these  detectors  con- 
sist of  a  gas  between  a  pair  of  electrodes.  Radiation  causes  ionization 
in  the  gas  and  the  resulting  charge  is  collected  by  the  electrodes  under 
the  influence  of  an  applied  electric  field.  When  the  applied  voltage  to 
the  electrodes  is  low,  the  ionization  is  merely  collected  by  the  electrodes 
and  the  detector  is  called  an  ionization  chamber.  When  the  voltage  is 
increased,  the  electrons  from  the  original  ionization  become  energetic 
enough  to  produce  further  secondary  ionization  giving  rise  to  gas 
amplification.  If  the  size  of  the  resulting  electronic  pulse  is  propor- 
tional to  the  original  ionization,  the  detector  is  called  a  proportional 
counter.  However,  if  the  voltage  is  high  enough  that  an  avalanche  of 
charge  is  generated  by  the  original  ionization — regardless  of  its  size — 
the  detector  is  called  a  Geiger-Muller  counter.  These  three  modes  of 
operation  impart  different  detection  characteristics  to  these  detectors. 
For  instance,  the  Geiger-Muller  counter  is  much  more  rugged,  requires 
simpler  electronics  and  can  detect  much  lower  levels  of  radiation  than 
the  ionization  chamber;  but  it  is  not  a  dose-measuring  device.  In 
practice,  the  different  requirements  in  radiation  measurements  have 
led  to  completely  different  designs  of  these  detectors.  A  more  detailed 
description  of  gaseous  devices  for  biomedical  applications  is  given  in 
ICRU  Report  26  (ICRU,  1977). 

4.5.2  Ionization  Chambers 

Ionization  chambers  containing  air  and  air-equivalent  walls  or  tis- 
sue-equivalent gas  and  walls  are  routinely  used  for  the  quantification 
of  radiation  levels  in  connection  with  radiobiological  applications. 
When  the  radiation  contains  both  photons  and  neutrons,  it  is  a 
common  practice  to  use  two  ionization  chambers;  ideally,  a  photon- 
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detecting  device  which  is  insensitive  to  neutrons  and  a  neutron - 
detecting  device  which  is  insensitive  to  photons.  However,  such  devices 
do  not  exist  and  one  must  resort  to  detectors  which  respond  predom- 
inantly to  one  or  the  other  radiation. 

The  use  of  an  ionization  chamber  outside  the  shield  of  a  medical 
linear  accelerator  has  been  reported  (Schulz,  1978).  The  ionization 
chamber  was  made  with  thin  aluminum  walls  and  was  filled  with  either 
argon  or  propane  to  obtain  a  predominantly  photon  or  photon  plus 
neutron  response,  respectively.  The  results  of  the  measurement  were 
used  to  estimate  the  photon  and  neutron  absorbed  dose  rates  and  a 
calculated  quality  factor  was  used  to  obtain  the  neutron  dose  equiva- 
lent rate.  The  results  obtained  with  the  argon/propane  ionization 
chamber  have  been  shown  to  be  in  reasonable  agreement  with  those 
of  several  other  methods  (Nath  et  ai,  1979).  The  results  of  this 
comparison  are  given  in  Table  14.  It  would  be  very  difficult  to  detect 
neutrons  with  the  argon/propane  ionization  chamber  inside  the  treat- 
ment room  because  of  the  high  photon  field  (Schulz,  1978). 

Conventional  air-filled  ionization  chamber  survey  meters  are  often 
used  to  measure  the  photon  dose  rate  outside  of  the  shielded  acceler- 
ator room,  especially  at  the  door.  In  this  use,  it  is  assumed  (often 
unstated)  that  the  ionization  chamber  measures  only  photons  and  that 
the  response  to  neutrons  is  negligible.  This  is  probably  true  since  the 
n/y  ratio  outside  the  shield  is  usually  small  and  the  neutrons  are 
predominantly  of  low  energy.  In  addition,  it  is  a  conservative  assump- 
tion since  it  can  only  cause  an  over-estimate  of  the  photon  dose  rate. 

Table  14 — Comparison  of  various  methods  for  neutron  measurements  far  from  the 


treatment  beam  of  a  25  MeV  linear  accelerator 


Method 

D 

Q 

ose  Equivalent 
Rate 
mrem/h 

Reference 

Outside  the  treatment  room — doors  closed 

Multisphere  Spectrometer 

7.0 

0.33 

Nath  et  al,  1979 

Nemo8  (PuBe  Calibration) 

0.51 

Nath  et  al,  1979 

Nemoa  (Cf  Calibration) 

0.62 

Nath  et  al,  1979 

Ionization  Chamber 

7.1b 

0.35c 

Schulz,  1978 

Outside  treatment  room — doors 

open 

Moderated  Au  Foil 

150 

McCall,  1977 

Ionization  Chamber 

7.1b 

62 

Schulz,  1978 

In  the  maze 

Multisphere  Spectrometer 

5.4 

1560 

Nath  et  al,  1979 

Moderated  Au  Foil 

1488 

McCall,  1977 

Note:  The  photon  dose  rate  was  400  rad/min  at  a  distance  of  105  cm. 
a  A  commercial  10  inch  sphere  rem  meter. 
b  McCall,  1977. 

c  Corrected  by  a  factor  of  2.64  for  difference  in  location  of  detectors. 
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It  should  be  noted  that  the  photons  outside  the  door  of  the  accelerator 
room  are  mostly  neutron  capture  gamma  rays.  These  gamma  rays  will 
not  only  occur  during  the  approximately  2  microsecond  accelerator 
pulse  but  will  be  spread  out  in  time  for  hundreds  of  microseconds  as 
the  thermal  neutrons  diffuse  before  capture  (Dinter  and  Tesch,  1976). 
Therefore,  measurement  difficulties  due  to  the  pulsed  nature  of  the 
radiation  are  not  as  severe  outside  as  inside  the  room. 


4.5.3    Proportional  Counters 

Proportional  counters,  with  filling  gases  such  as  boron  trifluoride  or 
3He,  are  often  used  inside  moderators  to  detect  the  thermalized  neu- 
trons. These  fillings  are  used  because  the  capture  of  thermal  neutrons 
by  10B  or  3He  gives  rise  to  energetic  charged  particles  which  result  in 
large  electronic  signals  and  provide  good  discrimination  against  the 
relatively  small  signals  produced  by  photons. 

Special  spherical  proportional  counters  having  walls  of  tissue-equiv- 
alent plastic  and  filled  with  a  counting  gas  at  low  pressure  have  been 
developed  (Rossi  and  Rosenzweig,  1955a;  1955b).  These  counters  can 
process  the  pulse -height  distribution  of  their  signals  to  yield  the 
absorbed  dose  as  a  function  of  linear  energy  transfer  (LET).  It  should 
be  noted  that  in  a  pulsed  field,  the  proportional  counter  may  register 
several  particles  at  once,  especially  if  they  are  electrons.  Since  quality 
factors  are  based  on  LET  (ICRP,  1962),  these  counters  can  provide 
the  average  quality  factor  for  a  radiation  field  without  the  knowledge 
of  its  energy  spectrum.  LET  spectrometers  have  been  used  to  monitor 
stray  radiation  around  proton  accelerators  (Phillips  et  al,  1965).  The 
only  known  use  of  LET  spectrometers  around  an  electron  accelerator 
involved  a  version  built  into  a  survey  meter  (McCaslin  et  al.,  1977). 
Compact  LET  spectrometers  have  now  been  developed  which  use 
microelectronic  data  processing  to  facilitate  their  application  in  rou- 
tine radiation  monitoring  applications  (Quam  et  al.,  1982;  Erkkila  et 
al,  1982).  There  is  no  known  use  of  tissue  equivalent  proportional 
counters  inside  an  accelerator  room. 


4.5.4    Geiger-Miiller  Counters 

G-M  counters  are  inherently  slow  with  a  recovery  time  of  50  to  300 
/us.  If  they  are  used  to  count  direct  radiation  from  the  accelerator,  they 
can  never  record  more  than  one  count  per  machine  pulse.  Thus,  in  the 
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monitoring  of  low  radiation  levels  (less  than  one  count  per  pulse),  the 
effect  of  dead  time  must  be  taken  into  account.  G-M  counters  could 
possibly  cause  the  existence  of  a  hazardous  situation  to  go  unnoticed 
if  radiation  levels  were  high  enough  that  the  counter  was  only  recording 
accelerator  repetition  rate,  when  it  should  be  indicating  much  higher 
levels.  No  use  of  G-M  counters  to  measure  neutrons  from  electron 
accelerators  is  known. 


5.    Literature  Review 


In  this  section  a  limited  selection  of  neutron  measurements  around 
medical  electron  accelerators  is  presented.  There  are  so  many  possible 
variables  (beam  size,  plane  of  measurement,  distance  from  the  beam, 
room  size,  etc.)  that  it  is  difficult  to  present  the  data  in  comparable 
categories.  For  this  reason,  the  selected  data  have  been  limited  to 
measurements  in  the  patient  plane,  out  of  the  photon  beam  and  no 
more  than  100  cm  from  the  isocenter.  The  data  are  presented  in  Tables 
15  and  16  for  betatrons  and  linear  accelerators,  respectively.  The 
column  labelled  "method"  refers  to  the  method  of  measurement  used, 
and  the  code  letters  are  identified  in  each  table.  Measurements  re- 
ported in  the  literature  that  are  not  listed  in  Tables  15  and  16  are 
omitted  only  because  there  was  insufficient  information  to  fit  them 
into  the  tables,  and  no  reflection  on  the  quality  of  those  measurements 
is  intended. 
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The  NCRP 


The  National  Council  on  Radiation  Protection  and  Measurements 
is  a  nonprofit  corporation  chartered  by  Congress  in  1964  to: 

1.  Collect,  analyze,  develop,  and  disseminate  in  the  public  interest 
information  and  recommendations  about  (a)  protection  against 
radiation  and  (b)  radiation  measurements,  quantities,  and  units, 
particularly  those  concerned  with  radiation  protection; 

2.  Provide  a  means  by  which  organizations  concerned  with  the 
scientific  and  related  aspects  of  radiation  protection  and  of 
radiation  quantities,  units,  and  measurements  may  cooperate  for 
effective  utilization  of  their  combined  resources,  and  to  stimulate 
the  work  of  such  organizations. 

3.  Develop  basic  concepts  about  radiation  quantities,  units,  and 
measurements,  about  the  application  of  those  concepts,  and  about 
radiation  protection; 

4.  Cooperate  with  the  International  Commission  on  Radiological 
Protection,  the  International  Commission  on  Radiation  Units 
and  Measurements,  and  other  national  and  international  organ- 
izations, governmental  and  private,  concerned  with  radiation 
quantities,  units,  and  measurements  and  with  radiation  protec- 
tion. 

The  Council  is  the  successor  to  the  unincorporated  association  of 
scientists  known  as  the  National  Committee  on  Radiation  Protection 
and  Measurements  and  was  formed  to  carry  on  the  work  begun  by  the 
Committee. 

The  Council  is  made  up  of  the  members  and  the  participants  who 
serve  on  the  eighty-one  scientific  committees  of  the  Council.  The 
scientific  committees,  composed  of  experts  having  detailed  knowledge 
and  competence  in  the  particular  area  of  the  committee's  interest, 
draft  proposed  recommendations.  These  are  then  submitted  to  the  full 
membership  of  the  Council  for  careful  review  and  approval  before 
being  published. 
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Honorary  Members 
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President 
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J.  Newell  Stannard 
Harold  O.  Wyckoff 


Currently,  the  following  subgroups  are  actively  engaged  in  formu- 
lating recommendations: 


SC-l:      Basic  Radiation  Protection  Criteria 

SC-3:      Medical  X-Ray,  Electron  Beam  and  Gamma-Ray  Protection  for  Ener- 
gies Up  to  50  MeV  (Equipment  Performance  and  Use) 
SC-16:    X-Ray  Protection  in  Dental  Offices 

SC-18:    Standards  and  Measurements  of  Radioactivity  for  Radiological  Use 
SC-38:    Waste  Disposal 

Task  Group  on  Krypton-85 

Task  Group  on  Carbon- 14 

Task  Group  on  Disposal  of  Accident  Generated  Waste  Water 
Task  Group  on  Disposal  of  Low-Level  Waste 
Task  Group  on  the  Actinides 
Task  Group  on  Xenon 

Task  Group  on  Definitions  of  Radioactive  Waste 
SC-40:    Biological  Aspects  of  Radiation  Protection  Criteria 
Task  Group  on  Atomic  Bomb  Survivor  Dosimetry 
Subgroup  on  Biological  Aspects  of  Dosimetry  of  Atomic  Bomb  Survi- 
vors 

SC-44:    Radiation  Associated  with  Medical  Examinations 

SC-45:    Radiation  Received  by  Radiation  Employees 

SC-46:    Operational  Radiation  Safety 

Task  Group  I  on  Warning  and  Personnel  Security  Systems 
Task  Group  2  on  Uranium  Mining  and  Milling — Radiation  Safety  Pro- 
grams 

Task  Group  3  on  ALARA  for  Occupationally  Exposed  Individuals  in 

Clinical  Radiology 
Task  Group  4  on  Calibration  of  Instrumentation 
Task  Group  5  on  Maintaining  Personnel  Exposure  Records 
Task  Group  6  on  Radiation  Protection  for  Allied  Health  Personnel 
SC-47:    Instrumentation  for  the  Determination  of  Dose  Equivalent 
SC-48:    Apportionment  of  Radiation  Exposure 
SC-52:    Conceptual  Basis  of  Calculations  of  Dose  Distributions 
SC-53:    Biological  Effects  and  Exposure  Criteria  for  Radiofrequency  Electro- 
magnetic Radiation 
SC-54.    Bioassay  for  Assessment  of  Control  of  Intake  of  Radionuclides 
SC-55:    Experimental  Verification  of  Internal  Dosimetry  Calculations 
SC-57:    Internal  Emitter  Standards 

Task  Group  2  on  Respiratory  Tract  Model 
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Task  Group  3  on  General  Metabolic  Models 

Task  Group  6  on  Bone  Problems 

Task  Group  7  on  Thyroid  Cancer  Risk 

Task  Group  8  on  Leukemia  Risk 

Task  Group  9  on  Lung  Cancer  Risk 

Task  Group  10  on  Liver  Cancer  Risk 

Task  Group  11  on  Genetic  Risk 

Task  Group  12  on  Strontium 

Task  Group  13  on  Neptunium 
SC-59:    Human  Radiation  Exposure  Experience 
SC-61:    Radon  Measurements 

SC-63:     Control  of  Exposure  to  Ionizing  Radiation  from  Accident  or  Attack 
SC-64:    Radionuclides  in  the  Environment 

Task  Group  5  on  Public  Exposure  to  Nuclear  Power 

Task  Group  6  on  Screening  Models 

Task  Group  7  on  Contaminated  Soil  as  a  Source  of  Radiation  Exposure 
SC-65:    Quality  Assurance  and  Accuracy  in  Radiation  Protection  Measurements 
SC-67:    Biological  Effects  of  Magnetic  Fields 
SC-68:    Microprocessors  in  Dosimetry 
SC-69:    Efficacy  Studies  in  Diagnostic  Radiology 
SC-70:    Quality  Assurance  and  Measurement  in  Diagnostic  Radiology 
SC-71:    Radiation  Exposure  and  Potentially  Related  Injury 
SC-72:    Radiation  Protection  in  Mammography 

SC-74:    Radiation  Received  in  the  Decontamination  of  Nuclear  Facilities 
SC-75:    Guidance  on  Radiation  Received  in  Space  Activities 
SC-76:    Effects  of  Radiation  on  the  Embryo-Fetus 

SC-77:    Guidance  on  Occupational  and  Public  Exposure  Resulting  from  Diag- 
nostic Nuclear  Medicine  Procedures 

SC-78:    Practical  Guidance  on  the  Evaluation  of  Human  Exposures  to  Radiofre- 
quency  Radiation 

SC-79:    Extremely  Low-Frequency  Electric  and  Magnetic  Fields 

SC-80:    Radiation  Biology  of  the  Skin  (Beta-Ray  Dosimetry) 

SC-81:    Assessment  of  Exposure  from  Therapy 

Committee  on  Public  Education 

Ad  Hoc  Committee  on  Policy  in  Regard  to  the  International  System  of  Units 
Ad  Hoc  Committee  on  Comparison  of  Radiation  Exposures 
Study  Group  on  Comparative  Risk 

Task  Group  on  Comparative  Carcinogenicity  of  Pollutant  Chemicals 
Task  Force  on  Occupational  Exposure  Levels 

Ad  Hoc  Group  on  Model  Used  for  Assessing  Transport  of  Low  Level  Radioactive 
Waste 

Ad  Hoc  Group  on  Medical  Evaluation  of  Radiation  Workers 

In  recognition  of  its  responsibility  to  facilitate  and  stimulate  coop- 
eration among  organizations  concerned  with  the  scientific  and  related 
aspects  of  radiation  protection  and  measurement,  the  Council  has 
created  a  category  of  NCRP  Collaborating  Organizations.  Organiza- 
tions or  groups  of  organizations  that  are  national  or  international  in 
scope  and  are  concerned  with  scientific  problems  involving  radiation 
quantities,  units,  measurements  and  effects,  or  radiation  protection 
may  be  admitted  to  collaborating  status  by  the  Council.  The  present 


116      /      THE  NCRP 


Collaborating  Organizations  with  which  the  NCRP  maintains  liaison 
are  as  follows: 

American  Academy  of  Dermatology 

Amerian  Association  of  Physicians  in  Medicine 

American  College  of  Nuclear  Physicians 

American  College  of  Radiology 

American  Dental  Association 

American  Industrial  Hygiene  Association 

American  Institute  of  Ultrasound  in  Medicine 

American  Insurance  Association 

American  Medical  Association 

American  Nuclear  Society 

American  Occupational  Medical  Association 

American  Podiatric  Medical  Association 

American  Public  Health  Association 

American  Radium  Society 

American  Roentgen  Ray  Society 

American  Society  of  Radiologic  Technologists 

American  Society  for  Therapeutic  Radiology  and  Oncology 

Association  of  University  Radiologists 

Atomic  Industrial  Forum 

Bioelectromagnetics  Society 

College  of  American  Pathologists 

Federal  Communications  Commission 

Federal  Emergency  Management  Agency 

Genetics  Society  of  America 

Health  Physics  Society 

National  Bureau  of  Standards 

National  Electrical  Manufacturers  Association 

Radiation  Research  Society 

Radiological  Society  of  North  America 

Society  of  Nuclear  Medicine 

United  States  Air  Force 

United  States  Army 

United  States  Department  of  Energy 

United  States  Department  of  Housing  and  Urban  Development 

United  States  Department  of  Labor 

United  States  Environmental  Protection  Agency 

United  States  Navy 

United  States  Nuclear  Regulatory  Commission 
United  States  Public  Health  Service 

The  NCRP  has  found  its  relationships  with  these  organizations  to 
be  extremely  valuable  to  continued  progress  in  its  program. 

Another  aspect  of  the  cooperative  efforts  of  the  NCRP  relates  to 
the  special  liason  relationships  established  with  various  governmental 
organizations  that  have  an  interest  in  radiation  protection  and  meas- 
urements. This  liaison  relationship  provides:  (1)  an  opportunity  for 
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participating  organizations  to  designate  an  individual  to  provide  liai- 
son between  the  organization  and  the  NCRP;  (2)  that  the  individual 
designated  will  receive  copies  of  draft  NCRP  reports  (at  the  time  that 
these  are  submitted  to  the  members  of  the  Council)  with  an  invitation 
to  comment,  but  not  vote;  and  (3)  that  new  NCRP  efforts  might  be 
discussed  with  liaison  individuals  as  appropriate,  so  that  they  might 
have  an  opportunity  to  make  suggestions  on  new  studies  and  related 
matters.  The  following  organizations  participate  in  the  special  liaison 
program: 

Defense  Nuclear  Agency 

Federal  Emergency  Management  Agency 

National  Bureau  of  Standards 

Office  of  Science  and  Technology  Policy 

Office  of  Technology  Assessment 

United  States  Air  Force 

United  States  Army 

United  States  Coast  Guard 

United  States  Department  of  Energy 

United  States  Department  of  Health  and  Human  Services 

United  States  Department  of  Labor 

United  States  Department  of  Transportation 

United  States  Environmental  Protection  Agency 

United  States  Navy 

United  States  Nuclear  Regulatory  Commission 

The  NCRP  values  highly  the  participation  of  these  organizations  in 
the  liaison  program. 

The  Council's  activities  are  made  possible  by  the  voluntary  contri- 
bution of  time  and  effort  by  its  members  and  participants  and  the 
generous  support  of  the  following  organizations: 

Alfred  P.  Sloan  Foundation 

Alliance  of  American  Insurers 

American  Academy  of  Dental  Radiology 

American  Academy  of  Dermatology 

American  Association  of  Physicists  in  Medicine 

American  College  of  Radiology 

American  College  of  Radiology  Foundation 

American  Dental  Association 

American  Hospital  Radiology  Administrators 

American  Industrial  Hygiene  Association 

American  Insurance  Association 

American  Medical  Association 

American  Nuclear  Society 

American  Occupational  Medical  Association 

American  Osteopathic  College  of  Radiology 
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American  Podiatric  Medical  Association 

American  Public  Health  Association 

American  Radium  Society 

American  Roentgen  Ray  Society 

American  Society  of  Radiologic  Technologists 

American  Society  for  Therapeutic  Radiology  and  Oncology 

American  Veterinary  Medical  Association 

American  Veterinary  Radiology  Society 

Association  of  University  Radiologists 

Atomic  Industrial  Forum 

Battelle  Memorial  Institute 

Center  for  Devices  and  Radiological  Health 

College  of  American  Pathologists 

Commonwealth  of  Pennsylvania 

Defense  Nuclear  Agency 

Edison  Electric  Institute 

Edward  Mallinckrodt,  Jr.  Foundation 

Electric  Power  Research  Institute 

Federal  Emergency  Management  Agency 

Florida  Institute  of  Phosphate  Research 

Genetics  Society  of  America 

Health  Physics  Society 

James  Picker  Foundation 

National  Aeronautics  and  Space  Administration 

National  Association  of  Photographic  Manufacturers 

National  Bureau  of  Standards 

National  Cancer  Institute 

National  Electrical  Manufacturers  Association 

Radiation  Research  Society 

Radiological  Society  of  North  America 

Society  of  Nuclear  Medicine 

United  States  Department  of  Energy 

United  States  Department  of  Labor 

United  States  Environmental  Protection  Agency 

United  States  Navy 

United  States  Nuclear  Regulatory  Commission 

To  all  of  these  organizations  the  Council  expresses  its  profound 
appreciation  for  their  support. 

Initial  funds  for  publication  of  NCRP  reports  were  provided  by  a 
grant  from  the  James  Picker  Foundation  and  for  this  the  Council 
wishes  to  express  its  deep  appreciation. 

The  NCRP  seeks  to  promulgate  information  and  recommendations 
based  on  leading  scientific  judgement  on  matters  of  radiation  protec- 
tion and  measurement  and  to  foster  cooperation  among  organizations 
concerned  with  these  matters.  These  efforts  are  intended  to  serve  the 
public  interest  and  the  Council  welcomes  comments  and  suggestions 
on  its  reports  or  activities  from  those  interested  in  its  work. 
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NCRP  publications  are  distributed  by  the  NCRP  Publications' 
office.  Information  on  prices  and  how  to  order  may  be  obtained  by 
directing  an  inquiry  to: 

NCRP  Publications 

7910  Woodmont  Ave,  Suite  1016 

Bethesda,  Md.  20814 

The  currently  available  publications  are  listed  below. 

Proceedings  of  the  Annual  Meeting 

No.  Title 

1  Perceptions  of  Risk,  Proceedings  of  the  Fifteenth  Annual 

Meeting,  Held  on  March  14-15, 1979  (Including  Taylor 
Lecture  No.  3)  (1980) 

2  Quantitative  Risk  in  Standards  Setting,  Proceedings  of  the 

Sixteenth  Annual  Meeting  Held  on  April  2-3,  1980 
(Including  Taylor  Lecture  No.  4)  (1981) 

3  Critical  Issues  in  Setting  Radiation  Dose  Limits,  Proceed- 

ings of  the  Seventeenth  Annual  Meeting,  Held  on  April 
8-9,  1981  (Including  Taylor  Lecture  No.  5)  (1982) 

4  Radiation  Protection  and  New  Medical  Diagnostic  Proce- 

dures, Proceedings  of  the  Eighteenth  Annual  Meeting, 
Held  on  April  6-7,  1982  (Including  Taylor  Lecture  No. 
6) (1983) 

5  Environmental  Radioactivity,  Proceedings  of  the  Nine- 

teenth Annual  Meeting,  held  on  April  6-7,  1983  (In- 
cluding Taylor  Lecture  No.  7)  (1984) 

Symposium  Proceedings 

The  Control  of  Exposure  of  the  Public  to  Ionizing  Radiation  in  the 
Event  of  Accident  or  Attack,  Proceedings  of  a  Symposium  held  April 
27-29,  1981  (1982) 
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Lauriston  S.  Taylor  Lectures 

No.  Title  and  Author 

1  The  Squares  of  the  Natural  Numbers  in  Radiation  Protec- 

tion by  Herbert  M.  Parker  (1977) 

2  Why  be  Quantitative  About  Radiation  Risk  Estimates?  by 

Sir  Edward  Pochin  (1978) 

3  Radiation  Protection — Concepts  and  Trade  Offs  by  Hymer 

L.  Friedell  (1979)  [Available  also  in  Perceptions  of  Risk, 
see  above] 

4  From  "Quantity  of  Radiation"  and  "Dose"  to  "Exposure" 

and  "Absorbed  Dose" — An  Historical  Review  by  Harold 
0.  Wyckoff  (1980)  [Available  also  in  Quantitative  Risks 
in  Standards  Setting,  see  above] 

5  How  Well  Can  We  Assess  Genetic  Risk?  Not  Very  by  James 

F.  Crow  (1981)  [Available  also  in  Critical  Issues  in 
Setting  Radiation  Dose  Limits,  see  above] 

6  Ethics,  Trade-offs  and  Medical  Radiation  by  Eugene  L. 

Saenger  (1982)  [Available  also  in  Radiation  Protection 
and  New  Medical  Diagnostic  Approaches,  see  above] 

7  The  Human  Environment- Past,  Present  and  Future  by 

Merril  Eisenbud  (1983)  [Available  also  in  Environmen- 
tal Radioactivity,  see  above] 

8  Limitation  and  Assessment  in  Radiation  Protection  by 

Harald  H.  Rossi  (1984)  [Available  also  in  1984  in  Some 
Issues  Important  in  Developing  Basic  Radiation  Protec- 
tion Recommendations,  see  above] 

NCRP  Reports 

No.  Title 

8  Control  and  Removal  of  Radioactive  Contamination  in  Lab- 

oratories (1951) 

9  Recommendations  for  Waste  Disposal  of  Phosphorus-32 

and  Iodine-131  for  Medical  Users  (1951) 
12       Recommendations  for  the  Disposal  of  Carbon- 14  Wastes 
(1953) 

16       Radioactive  Waste  Disposal  in  the  Ocean  (1954) 
22       Maximum  Permissible  Body  Burdens  and  Maximum  Per- 
missible Concentrations  of  Radionuclides  in  Air  and  in 
Water  for  Occupational  Exposure  (1959)  [Includes  Ad- 
dendum 1  issued  in  August  1963] 
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23       Measurement  of  Neutron  Flux  and  Spectra  for  Physical 

and  Biological  Applications  (1960) 
25       Measurement  of  Absorbed  Dose  of  Neutrons  and  Mixtures 

of  Neutrons  and  Gamma  Rays  (1961) 
27       Stopping  Powers  for  Use  with  Cavity  Chambers  (1961) 
30       Safe  Handling  of  Radioactive  Materials  (1964) 

32  Radiation  Protection  in  Educational  Institutions  (1966) 

33  Medical  X-Ray  and  Gamma-Ray  Protection  for  Energies 

Up  to  10  MeV — Equipment  Design  and  Use  (1968) 

35  Dental  X-Ray  Protection  (1970) 

36  Radiation  Protection  in  Veterinary  Medicine  (1970) 

37  Precautions  in  the  Management  of  Patients  Who  Have 

Received  Therapeutic  Amounts  of  Radionuclides  (1970) 

38  Protection  against  Neutron  Radiation  (1971) 

39  Basic  Radiation  Protection  Criteria  (1971) 

40  Protection  Against  Radiation  from  Brachytherapy  Sources 

(1972) 

41  Specification  of  Gamma-Ray  Brachytherapy  Sources  (1974) 

42  Radiological  Factors  Affecting  Decision- Making  in  a  Nu- 

clear Attack  (1974) 

43  Review  of  the  Current  State  of  Radiation  Protection  Phi- 

losophy (1975) 

44  Krypton-85  in  the  Atmosphere — Accumulation,  Biological 

Significance,  and  Control  Technology  (1975) 

45  Natural  Background  Radiation  in  the  United  States  (1975) 

46  Alpha- Emitting  Particles  in  Lungs  (1975) 

47  Tritium  Measurement  Techniques  (1976) 

48  Radiation  Protection  for  Medical  and  Allied  Health  Person- 

nel (1976) 

49  Structural  Shielding  Design  and  Evaluation  for  Medical 

Use  of  X  Rays  and  Gamma  Rays  of  Energies  Up  to  10 
MeV  (1976) 

50  Environmental  Radiation  Measurements  (1976) 

51  Radiation  Protection  Design  Guidelines  for  0.1-100  MeV 

Particle  Accelerator  Facilities  (1977) 

52  Cesium- 137  From  the  Environment  to  Man:  Metabolism 

and  Dose  (1977) 

53  Review  of  NCRP  Radiation  Dose  Limit  for  Embryo  and 

Fetus  in  Occuptionally  Exposed  Women  (1977) 

54  Medical  Radiation  Exposure  of  Pregnant  and  Potentially 

Pregnant  Women  (1977) 

55  Protection  of  the  Thyroid  Gland  in  the  Event  of  Releases  of 

Radioiodine  (1977) 
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56  Radiation  Exposure  From  Consumer  Products  and  Miscel- 

laneous Sources  (1977) 

57  Instrumentation  and  Monitoring  Methods  for  Radiation 

Protection  (1978) 

58  A  Handbook  of  Radioactivity  Measurements  Procedures 

(1978) 

59  Operational  Radiation  Safety  Program  (1978) 

60  Physical,  Chemical,  and  Biological  Properties  of  Radiocer- 

ium  Relevant  to  Radiation  Protection  Guidelines  (1978) 

61  Radiation  Safety  Training  Criteria  for  Industrial  Radiog- 

raphy (1978) 

62  Tritium  in  the  Environment  (1979) 

63  Tritium  and  Other  Radionuclide  Labeled  Organic  Com- 

pounds Incorporated  in  Genetic  Material  (1979) 

64  Influence  of  Dose  and  Its  Distribution  in  Time  on  Dose- 

Response  Relationships  for  Low -LET  Radiations  (1980) 

65  Management  of  Persons  Accidentally  Contaminated  with 

Radionuclides  (1980) 

66  Mammography  (1980) 

67  Radiofrequency  Electromagnetic  Fields — Properties,  Quan- 

tities and  Units,  Biophysical  Interaction,  and  Measure- 
ments (1981) 

68  Radiation  Protection  in  Pediatric  Radiology  (1981) 

69  Dosimetry  of  X-Ray  and  Gamma-Ray  Beams  for  Radiation 

Therapy  in  the  Energy  Range  10  keV  to  50  MeV  (1981) 

70  Nuclear  Medicine -Factors  Influencing  the  Choice  and  Use 

of  Radionuclides  in  Diagnosis  and  Therapy  (1982) 

71  Operational  Radiation  Safety — Training  (1983) 

72  Radiation  Protection  and  Measurement  for  Low  Voltage 

Neutron  Generators  (1983) 

73  Protection  in  Nuclear  Medicine  and  Ultrasound  Diagnostic 

Procedures  in  Children  (1983) 

74  Biological  Effects  of  Ultrasound:  Mechanisms  and  Clinical 

Implications  (1983) 

75  Iodine- 129:  Evaluation  of  Releases  from  Nuclear  Power 

Generation  (1983) 

76  Radiological  Assessment:  Predicting  the  Transport,  Bioac- 

cumulation,  and  Uptake  by  Man  of  Radionuclides  Re- 
leased to  the  Environment  (1984) 

77  Exposures  from  the  Uranium  Series  with  Emphasis  on 

Radon  and  its  Daughters  (1984) 

78  Evaluation  of  Occupational  and  Environmental  Exposures 
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to  Radon  and  Radon  Daughters  in  the  United  States 
(1984) 

79       Neutron  Contamination  from  Medical  Electron  Accelera- 
tors (1984) 

Binders  for  NCRP  Reports  are  available.  Two  sizes  make  it  possible 
to  collect  into  small  binders  the  "old  series"  of  reports  (NCRP  Reports 
Nos.  8-30)  and  into  large  binders  the  more  recent  publications  (NCRP 
Reports  Nos.  32-79).  Each  binder  will  accommodate  from  five  to  seven 
reports.  The  binders  carry  the  identification  "NCRP  Reports"  and 
come  with  label  holders  which  permit  the  user  to  attach  labels  showing 
the  reports  contained  in  each  binder. 


The  following  bound  sets  of  NCRP  Reports  are  also  available: 

Volume  I.  NCRP  Reports  Nos.  8,  9,  12,  16,  22 
Volume  II.  NCRP  Reports  Nos.  23,  25,  27,  30 
Volume  III.  NCRP  Reports  Nos.  32,  33,  35,  36,  37 
Volume  IV.  NCRP  Reports  Nos.  38,  39,  40,  41 
Volume  V.  NCRP  Reports  Nos.  42,  43,  44,  45,  46 
Volume  VI.  NCRP  Reports  Nos.  47,  48,  49,  50,  51 
Volume  VII.  NCRP  Reports  Nos.  52,  53,  54,  55,  56,  57 
Volume  VIII.  NCRP  Report  No.  58 
Volume  IX.  NCRP  Reports  Nos.  59,  60,  61,  62,  63 
Volume  X.  NCRP  Reports  Nos.  64,  65,  66,  67 
Volume  XI.  NCRP  Reports  Nos.  68,  69,  70,  71,  72 
Volume  XII.  NCRP  Reports  Nos.  73,  74,  75,  76 

(Titles  of  the  individual  reports  contained  in  each  volume  are  given 
above). 

The  following  NCRP  Reports  are  now  superseded  and/or  out  of 
print: 

No.  Title 

1  X-Ray  Protection  (1931).  [Superseded  by  NCRP  Report 

No.  3] 

2  Radium  Protection  (1934).  [Superseded  by  NCRP  Report 

No.  4] 

3  X-Ray  Protection  (1936).  [Superseded  by  NCRP  Report 

No.  6] 
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Radium  Protection  (1938).  [Superseded  by  NCRP  Report 
No.  13] 

Safe  Handling  of  Radioactive  Luminous  Compounds 

(1941).  [Out  of  Print] 
Medical  X-Ray  Protection  Up  to  Two  Million  Volts  (1949). 

[Superseded  by  NCRP  Report  No.  18] 
Safe  Handling  of  Radioactive  Isotopes  (1949).  [Superseded 

by  NCRP  Report  No.  30] 
Radiological  Monitoring  Methods  and  Instruments  (1952). 

[Superseded  by  NCRP  Report  No.  57] 
Maximum  Permissible  Amounts  of  Radioisotopes  in  the 

Human  Body  and  Maximum  Permissible  Concentrations 

in  Air  and  Water  (1953).  [Superseded  by  NCRP  Report 

No.  22] 

Protection  Against  Radiations  from  Radium,  Cobalt-60  and 
Cesium-137  (1954).  [Superseded  by  NCRP  Report  No. 
24] 

Protection  Against  Betatron — Synchrotron  Radiations  Up 
to  100  Million  Electron  Volts  (1954).  [Superseded  by 
NCRP  Report  No.  51] 

Safe  Handling  of  Cadavers  Containing  Radioactive  Isotopes 
(1953).  [Superseded  by  NCRP  Report  No.  21] 

Permissible  Dose  from  External  Sources  of  Ionizing  Radia- 
tion (1954)  including  Maximum  Permissible  Exposure  to 
Man,  Addendum  to  National  Bureau  of  Standards 
Handbook  59  (1958).  [Superseded  by  NCRP  Report  No. 
39] 

X-Ray  Protection  (1955).  [Superseded  by  NCRP  Report 
No.  26 

Regulation  of  Radiation  Exposure  by  Legislative  Means 

(1955).  [Out  of  print] 
Protection  Against  Neutron  Radiation  Up  to  30  Million 

Electron  Volts  (1957).  [Superseded  by  NCRP  Report 

No.  38] 

Safe  Handling  of  Bodies  Containing  Radioactive  Isotopes 

(1958).  [Superseded  by  NCRP  Report  No.  37] 
Protection  Against  Radiations  from  Sealed  Gamma  Sources 

(1960)  .  [Superseded  by  NCRP  Report  Nos.  33,  34,  and 
40] 

Medical  X-Ray  Protection  Up  to  Three  Million  Volts 

(1961)  .  [Superseded  by  NCRP  Report  Nos.  33,  34,  35, 
and  36] 
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28  A  Manual  of  Radioactivity  Procedures  (1961).  [Superseded 

by  NCRP  Report  No.  58] 

29  Exposure    to    Radiation    in    an    Emergency  (1962). 

[Superseded  by  NCRP  Report  No.  42] 
31       Shielding  for  High  Energy  Electron  Accelerator  Installa- 
tions (1964).  [Superseded  by  NCRP  Report  No.  51] 
34       Medical  X-Ray  and  Gamma-Ray  Protection  for  Energies 
Up  to  10  MeV — Structural  Shielding  Design  and  Eval- 
uation (1970).  [Superseded  by  NCRP  Report  No.  49] 

Other  Documents 

The  following  documents  of  the  NCRP  were  published  outside  of  the  NCRP 
Reports  series: 

"Blood  Counts,  Statement  of  the  National  Committee  on  Radiation  Protec- 
tion," Radiology  63,  428  (1954) 

"Statements  on  Maximum  Permissible  Dose  from  Television  Receivers  and 
Maximum  Permissible  Dose  to  the  Skin  of  the  Whole  Body,"  Am.  J. 
Roentgenol,  Radium  Ther.  and  Nucl.  Med.  84,  152  (1960)  and  Radiology 
75,  122  (1960) 

X-Ray  Protection  Standards  for  Home  Television  Receivers,  Interim  Statement 
of  the  National  Council  on  Radiation  Protection  and  Measurements  (National 
Council  on  Radiation  Protection  and  Measurements,  Washington,  1968) 

Specification  of  Units  of  Natural  Uranium  and  Natural  Thorium  (National 
Council  on  Radiation  Protection  and  Measurements,  Washington,  1973) 

NCRP  Statement  on  Dose  Limit  for  Neutrons  (National  Council  on  Radiation 
Protection  and  Measurements,  Washington,  1980) 

Krypton-85  in  the  Atmosphere — With  Specific  Reference  to  the  Public  Health 
Significance  of  the  Proposed  Controlled  Release  at  Three  Mile  Island  (Na- 
tional Council  on  Radiation  Protection  and  Measurements,  Washington, 
1980) 

Preliminary  Evaluation  of  Criteria  For  the  Disposal  of  Transuranic  Contami- 
nated Waste  (National  Council  on  Radiation  Protection  and  Measurements, 
Bethesda,  Md,  1982) 

Control  of  Air  Emissions  of  Radionuclides  (National  Council  on  Radiation 
Protection  and  Measurements,  Bethesda,  Md,  1984) 

Copies  of  the  statements  published  in  journals  may  be  consulted  in 
libraries.  A  limited  number  of  copies  of  the  remaining  documents  listed 
above  are  available  for  distribution  by  NCRP  Publications. 
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In  accelerator  head  34-43,  48 

In  concrete  rooms  46-48 

In  mazes  52-59 
Nuclear  Temperature  28,  32,  33 

Operating  Personnel  Risk  68-71 
Activation  69,  70 
Door  leakage  68 

Patient  Risk  61-68 
Personnel  Dosimeters  68 
Personnel  Exposures  69-72 
Photofission  1,  17,  85 
Threshold  energy  1 
Photoproduction  of  Neutrons  1,  5-9,  13- 
33,  38-48,  57-60,  63 
Average  energy  of  photoneutrons  39-48, 
57 

Cross  sections  13,  14,  17, 18,  22,  23 


Photoproduction  of  Neutrons  (Continued) 
Direct  interaction  neutrons  28,  30 
In  patient  63 
Minimizing  59,  60 
Spectra  26-33,  38-42 
Threshold  (separation)  energy  1,  6,  19, 
20,  21 

Yield  15-18,  22-26,  29,  20 
Proportional  Counters  90,  92 

Rem  Meters  78 
Resonance  Reactions  2 

Scattered  Photon  Dose  to  Patient  63,  67 
Separation  Energy  (see  Threshold  En- 
ergy) 

Shielding  42-44,  49-59 
Albedo  55 

Borated  materials  41,  58 

Combined  materials  52 

Concrete  50-52,  57,  58 

Doors  57-59 

Heavy  metals  34-44 

Maze  design  52-59 

Monoenergetic  neutrons  50 

Polyethylene  50-52,  57-59 

Tenth-value  layer  (TVL)  (or  half  value 

layer)  50-52,  57,  64 
Wood  59 
Stopping  Power  16,  17 

Tenth-Value  Layer  (or  half  value  layer) 
50-52,  57,  64 

Capture  gamma-rays  57 

Neutrons  50-52,  57,  64 
Threshold  Detectors  74-78 
Threshold  Energy  1,  6,  19-21 

Yield  of  Photoneutrons  15-18,  22-26,  29, 
30 


WH  library,  BuiWIng  10 
National  Institutes*! Haalth 
8^3.1^.20205  - 


•  LIBRARY 


Amazing  Help. 

http://nihlibrary.nih.gov 


1 0  Center  Drive 
Bethesda,  MD  20892-1150 
301-496-1080 


